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Abstract 
The dams and reservoirs are one of the largest sources to store surface water. The 
escalating water crisis in the new millennium has made it very important to 
preserve available water and in turn to preserve the storage capacity of dams and 
reservoirs. Dams and reservoirs lose their capacity due to sedimentation. Climate 
change and land-use changes have the potential to generate more sediment load 
hence accelerating this depleting process. An example is the Mangla Dam in 
Pakistan - the second largest dam in the country. Agriculture in the Punjab 
province, with almost 65% of the country’s population, is dependent on this dam. 
Due to sedimentation, the Mangla Reservoir has already lost 20% of its original 
storage capacity and an accelerated capacity loss is expected due to climate and 
land-use changes in the future. 
The main aim of this research is to develop an integrated framework, which 
incorporates hydrological and sediment models with climate and land-use 
components to assess the impacts on the Mangla Reservoir sedimentation and 
reservoir life. Economic analysis is incorporated to identify adaptation options in 
relation to climate change and land-use planning and management for sustainable 
development in the area. The research aims to provide a practical methodology 
relying on limited available data. The hydrologic model was calibrated for various 
reaches in the reservoir catchment for flows and sediment discharge. There is a 
close agreement between observed and simulated flow and sediment, and the 
overall trend of the observed flow hydrograph and sediment discharge is 
simulated well by the model. The assessment of climate change impacts on 
reservoir life requires a transient climate change scenario, since the reservoir is 
subject to continuing climate dynamics, and changes in any future time will have 
ii 
compound effects on reservoir life. In addition to mean climate factors, climate 
change will have a more profound impact on climate variability, which will likely 
lead to a more intensified and frequent extreme rainfall events than is currently 
experienced. Rainfall is the main driving factor of river sediment load, especially 
extreme rainfall events, which can cause exceptionally high sediment load 
compared to normal rainfall events.  Therefore impacts of climate change was 
investigated by transient climate change scenarios from 1980 to 2098 constructed 
through bias correction of General Circulation Models (GCM) daily simulation 
outputs for the observed weather stations in the catchment. Land-use change 
scenarios were generated for two broad conditions based on socio-economic data 
and physical factors influencing the land-use:  (i) pro-agriculture scenario and (ii) 
pro-industrialization scenario.  
The impact of climate and land-use changes on the reservoir life was then 
investigated by using various combinations of climate change scenarios and land-
use change scenarios. The results show that both climate and land-use changes 
can have significant impacts on the Mangla basin sediment transported by the 
river to the dam reservoir; climate change has a large impact on the annual 
sediment load, monthly variation in the sediment load, and in turn the reservoir 
life. The superimposed effects of land-use on climate change can exacerbate or 
reduce such impacts. Land-use change has the potential to effectively reduce 
climate change impacts. Therefore various land-use management measures were 
further evaluated based on economic analysis as adaptation options to mitigate the 
climate change impacts.  
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 CHAPTER ONE 
INTRODUCTION 
1.1 Background and problem 
Fresh water is one of the most valuable assets for any human civilization. The 
dependency of a country’s overall economy on this resource is due to inevitable 
demand for water from all sectors of human activities. Dams and reservoirs have 
served mankind as storage of fresh water for thousands of years. To date, there are 
over 50000 large dams (structure height higher than 15 m) throughout the world 
that are used for hydropower, irrigation and drinking purposes (Berga, 2008; 
Caston et al., 2009). Reservoirs are even more important for communities living 
in arid and semi-arid regions, because of scarcity of water resources. Pakistan is 
one of the world’s most arid countries with an average annual rainfall of less than 
240 mm. The agricultural sector is regarded as the backbone of Pakistan’s 
economy. It contributes 25% of the GDP and employs more than 50% of the 
labour force. Because of the low annual rainfall, Pakistan’s agrarian economy 
relies on two major reservoirs, the Tarbela Dam on the Indus River and the 
Mangla Dam on the Jhelum River for irrigation (Archer and Fowler, 2008). Out of 
its total geographical area of nearly 80 million hectares, the cultivated area is 
around 22 million hectares. The majority of this area, i.e., 19 million hectares, is 
covered by irrigation (Agricultural Statistics of Pakistan, 2005 – 2006). Irrigated 
land supplies more than 90% of agricultural production and most of the food for 
the country. The agricultural sector is the major user of water and its consumption 
will continue to dominate water demand.  
However, dams have been designed traditionally as non-renewable resources. 
Their productive lives are gradually reduced because rivers refill reservoirs with 
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transport sediments that choke off reservoir storage capacity (Morris and Fan, 
1998). The global average annual storage loss of reservoirs is about 1% but varies 
dramatically between 0.1% to 2.3% among river basins due to different land-use 
and land cover as well as other geological conditions (Chaudhry and Akhtar, 
2009). For example, the Welbedacht Dam on the Caledon River in South Africa 
the main water source for Bloemfontein has lost 86% of its original storage 
capacity since completion in 1973, with a third lost within the first three years 
(Adams et al., 2001). In Pakistan, the Tarbela Reservoir has lost 30% of gross 
capacity in the period 1974 - 2006, with an average annual storage loss close to 
1% or a total storage loss of 0.132 Billion Cubic Meters (BCM) (Haq I and 
Abbas, 2006). In terms of its initial construction cost of US $2.63 billion, an 
estimated US $789 million have been lost due to storage loss only. Other 
additional losses include reduction of irrigation water and power supplies (Dams, 
2000).  A more rapid rate of sedimentation is forecasted, with the reservoir largely 
filling up by 2030 (TAMS Consultants Inc., 1997).  A similar situation is 
occurring for other large reservoirs in Pakistan. The Mangla Reservoir has lost 
20% storage since it started in 1967, and Chasma has lost almost 43% storage 
capacity in 23 years (Planning Commision of Pakistan, 2005). 
With the last century being particularly concerned with the development of 
reservoir storage, more emphasis is now required to conserve storage. It is 
important to convert today’s inventory of non-sustainable reservoirs into 
sustainable assets for future generations (White, 2005). The Indus River and its 
tributaries naturally carry a high sediment load.  Improper management systems 
and lack of appropriate soil conservation measures have generated additional 
sedimentation in the reservoirs along the river system. For the rest of this century 
Chapter 1 
3 
and beyond, climate change and associated enhanced climate variability will also 
play important roles in Pakistan water resource planning in relation to reservoir 
management. This will likely be a consequence of the strong impact expected 
from climate change (Huntington, 2006; Change et al., 2007), changes in 
precipitation patterns affecting water availability and runoff directly, and in turn 
the river sediment, as well as changes in temperature, radiation and humidity, 
which affect have evapotranspiration. As has been observed, floods caused by 
extreme rainfall usually give rise to more soil erosion than normal river flow. 
Global warming will enhance both the global and possibly regional hydrological 
cycles, making flooding more frequent in many areas. However, the amount of 
increase for any given climate change scenario is uncertain (Frederick and Major, 
1997). It is therefore important for Pakistan, from a socio-economic perspective, 
to estimate the potential effects of climate change on the timing and magnitude of 
stream discharge. 
Consequently, a systematic assessment of soil erosion/sedimentation with high 
spatial and temporal resolutions is required for Pakistan in order to support 
strategic decision making on water resource related to dam development projects 
and reservoir management practice. Although empirical relationships have been 
used in the past, which simply simulated rainfall-runoff relationships adopted 
from other similar agro-climatic zones, great uncertainty remains by using this 
method because it does not properly reflect the complex interactions that take 
place in the Pakistan river basins. Thus, a comprehensive understanding of 
hydrological processes in the Pakistan river basins is a pre-requisite for successful 
water management and climate change impact adaptation planning.  
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1.2 Objectives of the study 
This research aims to investigate reservoir life under future change scenarios of 
climate and land use. Accordingly, the main objective of the thesis is to develop a 
systematic framework for analysing the impacts of climate change and land use 
changes on reservoir life, assessing the vulnerability in the future and identifying 
potential adaptation options. 
The key research questions are: 
What is the current status of sediment deposition in the reservoir? 
• How will this evolve under future climate and land-use change 
scenarios? 
• What are the vulnerabilities that lead to reservoir sedimentation? 
• What adaptation options are feasible to reduce the vulnerabilities? 
• Which adaptation options would be optimal to enhance reservoir life 
or reduce sedimentation processes? 
The tasks 
• Simulation of the dynamic hydrological processes and deposition of 
sediment at the reservoir catchment by selection of an appropriate 
hydrologic model. 
• Development of transient projection of the climate and land use 
change scenarios for this century. 
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• Assessment of the potential risk of the reservoir (storage capacity) 
under future climate and land use changes by addressing 
hydrological/sedimentation processes and corresponding economic 
consequences. 
1.3 Research design and methodology 
The study is based on the following conditions, which underline the logical 
formulation of the framework: 
a) The basin is used as the basic planning, data aggregation and 
computational unit. This provides the advantage of having a complete 
hydrologic cycle for an integrated river basin management 
methodology in which the river basin is taken as one control unit.  
b) Transient climate change data are obtained from bias correction of the 
daily outputs from GCM models for the observed meteorological 
stations in the basin. The bias correction procedure is used to 
eliminate systematic errors in GCM simulations.  
c) Land use changes are projected on the basis of current and predicted 
socio-economic activities in the basin. Future changes are built on a 
simple spatial model driven by the changes of key factors. 
d) Explicit uncertainty analysis: The future of reservoir life is highly 
uncertain, and thus the uncertainty associated with the conclusions and 
outcomes of the assessment must be clearly defined. The assessment 
has used a set of scenarios to explore possible future trends based on 
different types of plausible hypotheses. The inherent uncertainties in 
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climate change and land use projections are dealt with using a range of 
change possibilities. 
e) Hydrological processes in the basin are processed using the Soil and 
Water Assessment Tool (SWAT) (Jayakrishnan et al., 2005), which is 
a computationally efficient model and the simulation results can be 
output on daily, monthly or annual steps.  
f) The climate and land-use change components are integrated into 
SWAT to develop an integrated framework for the prediction of 
changes in flow and sedimentation in the future. 
The framework incorporates the integration of several modules. The details of 
each module are described as follows and illustrated in Figure 1.1. 
1.4 Modules and models 
The proposed conceptual framework consists of a series of direct/indirect 
interactive components. However, according to their respective functions inside 
the framework, they can be grouped into three large interrelated functional 
modules: 
a) Hydro/Sediment Routing-Climatic module (HSRC) 
b) Socio-Economic/Land-use analysis module  (SELU) 
c) Adaptation Options Analysis Module (AOAM) 
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1.4.1 Hydro/sediment routing-climatic module (HSRC) 
This module includes a hydrologic and climatic component to simulate the 
hydrologic and flow routing processes for predicting the potential changes in the 
sediment load of the reservoir. It provided a set of plausible and standard 
hydrologic scenarios for the study to simulate reservoir sedimentation under 
future climate change scenarios in addition to the baseline condition. The module 
involves the following procedures:  
Figure. 1.1: Integrated framework of reservoir life 
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a) Construction of the baseline climate scenario. The identification, selection, 
and application of a baseline are the crucial steps in the climate change 
impact analytical process. Detailed current climate data on a daily time 
scale were acquired from the Meteorological Department of Pakistan and 
Water and Power Development Authority Pakistan (WAPDA).  
b) Future climate change scenarios were developed from General Circulation 
Models (GCMs). At present, GCMs are widely recognized as the most 
appropriate tools for providing the transient global climate simulations and 
exploring future climate change scenarios. GCMs are physically based on 
the principle of fluid mechanics and describe global climate variables 
using 3-dimensional grids. Although GCMs are generally sufficient to 
reproduce the large scale climate features, their resolution is not fine 
enough for accurate local climate simulations. Downscaling techniques are 
normally used for regional scale simulation based on GCM results. The 
two categories of downscaling are dynamic and statistical downscaling, 
which are used to nest regional climate models into the GCM. However, 
the downscaling data were not available for the case study area. Instead, a 
transient climate change scenario was constructed through bias correction 
of simulated climate data (rainfall and temperature) obtained from 
different GCMs. 
c) The hydrologic processes in SWAT are based on a distributed hydrology 
modelling (Jayakrishnan et al., 2005) for providing the spatial information 
of water distribution in a basin.  The climate change impact on river 
sediment production was analyzed using different sensitivities and future 
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scenario data to drive the SWAT model for simulating the spatial-temporal 
component of the sediment in the basin, and ultimately at the 
outlet/reservoir. 
d) The outputs of this module, including the simulations from baseline and 
future climate scenarios, feed to other modules as a set of common 
hydrologic inputs, while sensitivity parameters were used to obtain and 
explore how reservoir sediment may respond to climate change and to 
identify which hydrological processes are more vulnerable than others. 
1.4.2 Socio-economic/land-use analysis module (SELU) 
The land-use change module was used to identify current land use types and to 
group them based on their hydrological characteristics. This module is also used 
to produce scenarios for current and future land use changes in the basin. The 
purpose of this module is to analyse the potential socio-economic consequences of 
climate change impacts on the reservoir. It is known that socio-economic factors 
in addition the driving forces for land use changes (Taylor et al., 2009).  This 
module includes the following steps: 
a) Construction of a baseline socio-economic scenario based on 
historical statistics and global land cover data was done by 
downscaling national future socio-economic development scenarios to 
the regional/basin scales.  
b) The basin/regional socio-economic scenarios were then developed in 
combination with the adaptation options from the module (AOAM). 
The national scale socio-economic development scenario data were 
Chapter 1 
10 
downscaled to the basin/regional scale through a regionalization 
method by extrapolation.   
c) By adding basin/regional specific factors to the socio-economic 
scenario, alternative “scenarios” of the future were developed at 
appropriate time periods (between 20 and 50 years into the future). In 
detail, this study uses multiple scenarios to characterize four 
alternative futures for the priority basin. This approach can account 
for a wide variety of possible futures (Figure 1.2): 
• S 1 is a reference scenario, which does not consider climate 
change. 
• S 2 is a reference scenario that considers climate change, 
but not adaptation. 
• S 3 is a projection in which development will proceed, 
taking climate change into account through adaptation 
policies that may attempt to preserve current economic 
activities and socio-economic conditions (adaptation 1).  
• Scenario 4 is very similar to the S2, but only adaptation 
policies are significantly different with the emphasis, e.g., 
on how to optimize the structure of different water use 
sectors, and then to predict the reservoir life under local 
future climate and socio-economic scenarios (adaptation 2) 
(Figure 1.3). 
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The outputs are a set of socio-economic and land-use change scenarios. It should 
be pointed out that this module is closely linked to the HSRC module and AOAM 
module. The socio-economic scenarios vary dramatically with various adaptation 
options.  
The next task in the study was to make projections about how socio-economic 
conditions will change in the future under a selected scenario. These changes are 
used to combine with the baseline to depict the possible future changes or 
prospects. The latter are then fed into the land use changes to predict reservoir 
sedimentation in the basin. 
 
Figure 1.2: Scheme of procedures for assessing the impacts of land-use 
changes in a river basin 
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 Figure 1.3: Schematic view of the multiple scenarios approach (Malone and 
Rovere, 2004) 
 
1.4.3 Adaptation options analysis module (AOAM) 
The adaptation assessment module, based on a unified risk management 
framework, was used to integrate the information from the above modules. Firstly, 
the vulnerability of the reservoir sedimentation brought about by climate change 
and land use was assessed. Secondly, a series of potential adaptation options to 
reduce the vulnerability of sedimentation in the reservoir was identified. The 
purpose of this module was to assess the current and future vulnerability of 
reservoir life, and identify potential consequences of adaptation options for the 
catchment as a whole. 
The method involves the following steps: 
a) Assessing current climate related reservoir sedimentation vulnerability 
and potential future risks according to the baseline climate and socio-
economic scenarios, respectively. 
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b) Determining the impact of reservoir vulnerability on the economic 
growth of the area.  
c) Scoping and identifying adaptation options for enhancing reservoir 
life based on the above analysis. Identifying priorities from the array 
of possible adaptation options. 
d) Assessing those feasible adaptation options under future climate and 
constructed socio-economic scenarios. 
The end product, namely the final result of the whole modeling framework, is 
envisaged as a multi-indicator system characterizing the reservoir life together 
with a set of most desirable adaptation options (Figure 1.4). 
 
 Figure 1.4: Schematic view of the adaptation option analysis 
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1.5 Conceptual framework 
The conceptual framework (Figure 1.1) for this study was designed following the 
guiding principles given above. The framework integrates some merits of other 
popular integrated assessment modelling (Alcamo et al., 2003), and has a clear 
flow associated with the consequences of each stage. 
Firstly, the framework starts with how future socio-economic and climate change 
have an impact on reservoir sedimentation. Secondly, the vulnerability is 
identified and the impacts on reservoir life deduced. Thirdly, a feasibility analysis 
is done for the adaptation options. An integrated assessment of these options is 
carried out within the framework in terms of their interactions with other 
components. For example, over a course of time, they may affect the socio-
economic and land use activities in the basin, which in turn would have an impact 
on the reservoir life. Finally, a set of most desirable adaptation options are 
identified for the catchment under climate change. Within the framework, almost 
all of the components are related to the decision-making process either directly or 
indirectly. The entire process is integrated via a typical compartment modelling 
approach (McKinney and Lockwood, 1999). With this approach, there is a loose 
connection between the socio-economic and hydrological components, and only 
output data are usually transferred between the components through the 
predefined interface. That is, output of one component becomes input for the next 
and can be an iterative process. 
1.6 Dissertation structure 
Chapter 1 introduces the reservoir sedimentation or dam silting at a global level as 
well as in the context of Pakistan. Keeping in mind reservoir management issues 
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under future climate and land-use changes, research questions and objectives are 
outlined in this chapter. Furthermore a brief overview of the methodology 
(integrated framework for the reservoir life) is described. Chapter 2 outlines the 
lessons learned from review of the literature relating to (i) issues in reservoir 
sedimentation worldwide and in Pakistan; (ii) The impact of climate and land use 
changes on the reservoir sedimentation; (iii) Existing models for hydrological and 
sedimentation studies and application of the SWAT model; and (iv) Impact of 
reservoir life or reduction of flows on agriculture yield and economy. Chapter 3 
describes the study area and its features. Chapters 4 to 6 describe the methodology 
adopted for hydrological modelling, climate change scenario development and 
land use change scenarios, respectively. Chapter 7 describes the integrated results 
derived from the methodologies in Chapters 4, 5 and 6 and economic analysis 
based on future climate change with adaptation options. Chapter 8 sets out the 
conclusions from the study and suggestions for the way forward to improve 
reservoir life.  
 CHAPTER TWO 
LITERATURE REVIEW 
 
This chapter provides an overview of the case study area, and reviews past 
research on reservoir sedimentation. It presents the research advances in reservoir 
sedimentation as well as climate, land use and integrated water resources 
management. The impact of reductions in reservoir life and/or river flows on 
agricultural yield and regional economy are also addressed. Key messages and 
knowledge gaps are identified. 
2.1 Introduction 
Freshwater is about 2.5% of the total 1,386 BCM (billion cubic metre) of water on 
Earth. Only one-third of this amount is available for human use (Postel et al., 
1996). The consumption of freshwater for human use has increased almost three 
times during the last 50 years. The total water withdrawn increased from 1382 
km3/year in 1950 to 3973 km3/year in 2000 and global projections forecast that 
water consumption will further increase to 5235 km3/year by 2025 (Clarke and 
King, 2004). More than half of the available freshwater supplies (surface and 
subsurface) have already been used for human activities. Due to increasing 
demands from agricultural, industrial and residential uses, this proportion is still 
increasing (Postel et al., 1996; Vörösmarty et al., 2000). Figure 2.1 shows the 
world national availability of freshwater through average river flows and 
groundwater recharge in 2000. It is estimated that 5 out of 8 people will be living 
in conditions of water stress (per capita water availability less than 1,700 m3/year) 
or scarcity (per capita water availability less than 1000 m3/year) by 2025 
(Falkenmark et al., 1989; Arnell, 1999). By 2050, some 40% of the world’s  
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population will probably experience water shortages (Gadgil, 1998; Kuylenstierna 
et al., 1998; Hamdy et al., 2003).  
 
The surface water plays an important role in the water supply for human activities. 
The increase in human population has had serious impacts on river and deltaic 
systems through enhanced fertilizer usage, damming, deforestation, and many 
other land-use changes in the last 50 years (Meybeck and Vorosmarty, 2005; 
Syvitski et al., 2005). Due to the uneven distribution of rainfall, both spatially and 
temporally, there is a shortage of potable and agricultural water in many countries 
(Vörösmarty et al., 2000). For example, although 30% of the world's renewable 
water resources are concentrated in Asia (Shiklomanov and Rodda, 2003), 
countries like China still have water shortages in certain regions. Consequently, 
some of China's major river systems (e.g., Huanghe and Changjiag Rivers) have 
Figure 2.1: World national availability of fresh water in 2000 (Rosen, 2000) 
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been dramatically altered by human activities in an attempt to remedy these water 
limitations. 
Dams and reservoirs are the prominent source for storing surface water. They are 
critical components of a nation’s water control infrastructure. Dams and their 
associated reservoirs represent a key component of water resource development in 
many areas of the world and have been constructed on many rivers, in order to 
provide water storage for irrigation, flood control and power generation. 
2.2 Overview of surface water issues in Pakistan 
Pakistan, lying in the South Asian region, has diverse landscapes and varied 
terrain as it’s elevation changes from just above sea level from the Indian Ocean 
to the world’s second highest mountain – K2 (PEPA, 2005). Despite being mostly 
arid, four distinct seasons occur in Pakistan. The country’s high population 
growth rate is placing a severe strain on its natural resource. According to 
projections from the Pakistan Environmental Protection Act (PEPA, 2005), the 
country’s population will reach 173 million by 2020 and 221 million by 2025. The 
available water per capita would be less than 1,000 m3/year (water scarcity 
threshold) from 2010 onwards (PEPA, 2005).   
The Indus River and its tributaries provide the main source of surface water for 
Pakistan. It includes on the eastern side, the Jhelum, Chenab, Ravi, Beas and 
Sutlej Rivers and on the western side, the Kabul River along with its main 
tributaries, i.e., Swat, Panjkora and Kunhar rivers. The total catchment area of the 
Indus River System (IRS) is 970,500 km2, of which about 56%, i.e., 530,000 km2, 
lies in Pakistan. Figure 2.2 illustrates the average water availability in Pakistan. 
Dependency on a single river system, i.e., IRS, means that Pakistan is vulnerable  
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due to the lack of a multiplicity of river basins and diversity of water resources 
that occur in many other countries (World Bank, 2005). The Indus River 
catchment receives about 193 BCM fresh water from combined sources of glacier 
melt, snow melt and rainfall. With regard to the irrigation system of the IRS, there 
is a significant amount of water losses in rivers, canal and seepage with only 144 
BCM water available at farm level.  
 
 
Pakistan has an agro-based economy with 70% of the people involved in 
agriculture.  The Mangla and Tarbela dams, the two largest reservoirs in Pakistan, 
are multipurpose. These dams revolutionized the country’s agriculture by 
increasing the irrigation command area and cultivatable land in Pakistan. These 
Figure 2.2: Average water availability in Pakistan (GCISC, 2005) 
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two large dams increase total cultivatable area by 20% and provide almost one 
third of the country’s electricity supply (Archer et al., 2010). 
2.3 Reservoirs and sedimentation 
There are more than 45,000 dams in the world. Most of them were constructed in 
the 20th Century (Dams, 2000). About 20% sediment generated in world river 
systems is retained in the reservoir of dams (Syvitski et al., 1998), and globally 
the total loss in reservoir storage is almost 1% annually due to sedimentation 
(Mahmood, 1987). The rate of sediment varies dramatically as the differences of 
river basin and impoundment characteristics control the rate and pattern of the 
sedimentation deposition in the reservoir (Small et al., 2003). The rates of storage 
loss in the Asian nations are generally higher than the world average of 1%. China 
and India are losing 2.3 and 0.5% respectively of storage capacity annually 
because of the low forest cover (China 16.5% and India 23%) and high erosion. 
However, the annual loss rates in Japan and Southeast Asia are only 0.15 and 
0.3% respectively due to the high forest cover and relatively low sediment yield 
(Liu et al., 2001). Reservoir sedimentation can considerably reduce water 
availability (De Araújo et al., 2006). It also causes reservoir morphology to 
change towards a more open geometry, enhancing evaporation losses.  
Globally, each reservoir is usually provided with certain rules following 
operational curves to suit the intended uses by taking into consideration the 
structural stability restriction of the reservoir. These operational rules have 
significant influence on reservoir sedimentation. These basic rules, however, are 
not adhered to in most countries. Even in the United States, the basic operational 
rules for reservoirs have been neglected for almost half a century but have been 
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considered seriously now as a measure to mitigate reservoir sedimentation after 
emerging of intense sedimentation problems in reservoirs and rivers (Yang, 2006). 
2.3.1 Sedimentation and land-use changes 
Erosion is a consequence of complex interactions among climate (precipitation, 
temperature, wind speed and direction), geology (volcanic and tectonic activities), 
soils, topography (slope, catchment orientation, drainage basin area), and land-
use/cover (White, 2005).  Although there is a significant relationship between 
land-use and in stream water quality (Tong and Chen, 2002), the relative impacts 
of different types of land-use on the amount of surface water are yet to be 
ascertained and quantified. 
The rate of sediment generated production, storage and transport characterizes the 
river setting over space and time. In recent times, the change in river setting is 
mainly controlled by climate change and human induced land-use changes. The 
response of the Holocene and/or contemporary fluvial dynamics to land-use 
change has been documented in various studies (Piegay et al., 2004; Hudson and 
Kesel, 2006). The relative importance of climate and land cover may vary, i.e., 
changes in land-use increase the sensitivity of river basins to climate disturbance 
(Macklin and Lewin, 2003). Furthermore, during the Holocene period, human 
technological and economic power has been progressively replacing climate as 
key factors in controlling sediment dynamics (Meybeck and Vorosmarty, 2005). 
However, the extent to which climatic events and/or human actions have had an 
impact on sediment fluxes in the landscape often remains unclear. 
The impact of climate and land-use changes on the sediment transported from 
rivers to the oceans is largely dominated by forest conversion to cropland and is 
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further exacerbated by climate events (Yang et al., 2003; Ito, 2007). On the other 
hand, several researchers have questioned the impact of deforestation on large 
scale flooding, suggesting that these effects have been overestimated (Kiersch and 
Tognetti, 2002; Bruijnzeel, 2004) and that major sources of sediments may be 
from other human activities such as road construction, poorly constructed and 
maintained terraces, runoff from cultivated land such as coffee plantations or bank 
erosion (Sidle et al., 2006).  
The onsite impacts of land-use changes such as conversion and breakdown of 
native vegetation, biodiversity loss and changes, soil degradation and change in 
water regimes have been well documented (Gardner and Gerrard, 2003; Sidle et 
al., 2006). Examples include clearance of indigenous forest to pastureland in the 
late 19th and 20th century which changed the sediment dynamics of the Waipaoa 
River, New Zealand (Gomez et al., 2007). 
The offsite impacts, such as downstream land flooding, pollution, siltation and 
sedimentation of reservoirs are also caused by runoff and soil erosion. They can 
result in increased sediment discharge and elevated nutrient loads leading to a 
reduction in water quality and water availability to downstream users (Bruijnzeel, 
2004). The erosion of soil resulting from land degradation, climate and land-use 
changes is a concern to upland farmers as well as to downstream users.  
2.3.2 Sedimentation and climate change 
Climate change is projected to accelerate, with associated changes in climate 
variability, which means very likely more frequent extreme events such as 
droughts and floods (Solomon et al., 2007). IPCC has provided assessments of 
scientific, technical and socio-economic information relevant for understanding 
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climate change and the human dimensions of mitigation and adaptation. For 
example, the Fourth Assessment Report (AR4) provides an overview of four 
narrative scenarios, A1, A2, B1, and B2 and creates six plausible global 
greenhouse gas emissions scenarios: A1F, A1B, A1T, A2, B1 and B2 (IPCC, 
2007a). Each scenario corresponds to different environmental, social, economic 
and technological development roads that result in different levels of greenhouse 
gas (GHG) emissions. Future scenarios provide analysis of socio-economic 
development and describe the possible future state of the world (Christensen et al., 
2007). For different scenarios from the Special Report on Emissions Scenarios 
(SRES), the IPCC Data Distribution Centre (IPCC DCC, http:// www.ipcc-
data.org/) provides accessible climate model data. 
The global average surface temperature by the 2020s is likely to increase around 
1°C relative to the pre-industrial period (IPCC, 2007 b). By the end of the 21st 
century, the most likely increases are 3°C to 4°C for the high greenhouse house 
gas (GHG) emission scenarios and around 2°C for the low emission scenario 
(Meehl et al., 2007). The increased global temperature will alter global and 
regional hydrological cycles with further impacts on water resources. 
The transition of land surface from a natural landscape to other land-use types 
dominated by human activities has influenced the rate of sediment carried by 
rivers and has set the background for changes that might occur during the 21st 
Century, including feedback effects between the changes in climate and land-use 
(Goudie, 2006; Walling, 2006). A number of studies have been carried out to 
estimate the potential effects of future climate change on soil erosion at the scale 
of small catchment (Boardman and Favis-Mortlock, 1993; Favis-Mortlock and 
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Boardman, 1995; Pruski and Nearing, 2002). It is important to determine the 
climate change impact on sediment transport in rivers because of its effect on the 
global geochemical cycles (Martin and Meybeck, 1979). Also the forecasting of 
sediment flux from drainage basins is necessary for the evaluation of proactive 
land-use policies and adaptation options for minimizing the climate change impact 
on river sediment discharge at local and regional scales (Ashmore and Church, 
2001). As catchment characteristics also influence the sediment yield, it is not 
easy to differentiate the sediment caused by climate change. Thus there are 
uncertainties in the projection of climate change impact on suspended sediment 
(Walling and Fang, 2003), and most importantly in the rate of bed load deposited. 
Consequently, projections of fluvial sediment discharge due to climate change are 
not well documented compared to water discharge. Results obtained from 
numerical simulation models are used to look into the impact of different types of 
environmental change on fluvial sediment transport (Coulthard and Macklin, 
2001; Syvitski et al., 2005). Many researchers have forecasted the flow and 
sediment for river basins under different climate change scenarios, such as the 
mean annual flow of suspended sediment for the Waipaoa River in New Zealand 
(Gomez et al., 2009). According to their findings, the impact of climate change 
may decrease the mean annual flow of the Waipaoa River at Matawhere up to 
13% by 2030 and the mean annual flow could be 18 % less by 2080. The change 
in mean annual suspended sediment in 2030 may be difficult to predict, since 
there is large variation in the suspended sediment load. 
Given the potential significant impact consequence from climate change, the 
special consideration of adaptation opportunities has been highlighted in climate 
change and water security studies (IPCC, 2007a). There is growing awareness of 
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the importance of water resources management and there has been increasing 
attention directed at sustainable management of water resources at regional (e.g., 
European Union, 2000) and global scales (ICWE, 1992; FAO., 2000; United 
Nations, 2006; World Water Council, 2006). Correspondingly, integrated water 
resources management has gradually become an active research field (Jønch-
Clausen, 2004; Savenije and Van der Zaag, 2008). 
Both adaptation and mitigation measures are essential to alleviate expected 
impacts of climate change on humans and their environment, and sustainable 
development can improve adaptive capacity and increase resilience (Klein et al., 
2007). Although there is growing awareness of the need to integrate adaptation 
with sustainable development, to date there appears to be a lack of experience to 
achieve this objective (IPCC, 2007a), because of the paucity of models and tools 
that can be used to support the assessment of potential adaptation/mitigation 
measures and their associated cost benefits.  
2.3.3 Pakistan and sedimentation problems 
Pakistan is an agricultural country and its economy is based mainly on an irrigated 
agriculture (World Bank, 2005). Most parts of the country lie in semi-arid regions 
so that agriculture mainly relies on water supply from reservoirs. The reservoir 
sedimentation has caused much damage to the country’s economy. The cost to 
replace lost reservoir storage is reported to be over US$13 billion, excluding other 
environmental and social costs incurred from additional dam development 
(Palmieri et al., 2003). Due to the increases in population and the per capita water 
demand, preserving existing reservoir water storage has become a high priority for 
Pakistan. Otherwise many of the country’s dams will cease to be operational in 
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the near future, putting more economic and environmental burdens of construction 
of new dams on future generations. 
The country’s two largest reservoirs, Tarbela and Mangla, have gross capacities of 
14.3 BCM and 7.2 BCM, respectively (Altaf-ur-Rehman, 2004). When designed, 
they were intended to maximize water use for irrigation with power generation 
being a secondary purpose. These reservoirs are handicapped by their inbuilt 
sediment and trapping capabilities, and have gradually been degraded. The useful 
lifetime of the Tarbela Reservoir on the Indus River is threatened by a sediment 
delta that is approaching the dam’s intake tunnels that lead to a hydroelectric 
power station and are used for irrigation releases (Tate and Farquharson, 2000).  
2.4 Assessment methodologies and model development 
In the past decades, scientists have made significant advances in modelling water 
resources. Since the IPCC Third Assessment Report (TAR), over one hundred 
studies of the climate change effect on river flows have been published in 
scientific journals, and many more as internal reports. However, studies still tend 
to be heavily focused on Europe, North America, and Australia (IPCC, 2007a). 
Most of the modelling approaches have been focused on the interaction between 
atmospheric and hydrological processes (Rode et al., 2002; Horak and Owsinski, 
2004), or on the impact of climate change on the hydrological regime 
(Shiklomanov and Rodda, 2003). For example, in the Colorado River Basin 
(USA), there have been six major studies on how changes in temperature and 
precipitation might affect annual runoff in the Colorado River (Christensen et al., 
2004). 
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These studies have made significant advancements in the assessment of climate 
change impacts on hydrology and water resources. In particular, they provide a 
series of methodologies, including classical top down (Wood et al., 1997), multi-
model ensembles (Christensen et al., 2007) as well as various downscaling 
approaches (Wood et al., 2004).   However, climate change information and its 
impact on regional hydrology and water resource are still limited in developing 
countries. 
Climate change will potentially have substantial impacts on reservoir life. To 
evaluate the impacts, it is necessary to consider the land-use changes that are 
likely to be altered and future climate patterns and extreme rainfall events. Some 
of the integrated models can be used for this, such as Hydro Trend (Syvitski et al., 
1998), which simulates daily discharge hydraulics at the river mouth, including 
sediment load properties; and HIDROSED (Mamede et al., 2007), for analysis of 
the sedimentation and resulting water availability reduction in reservoirs.  
2.5 Selection of the hydrologic model 
In order to select the most suitable model for eventual integration for this 
research, a range of available hydrological models are explored and assessed. The 
selection needs not only to consider the research objective that determines the 
complexity and structure of the model, but also the data requirements because 
model development can be hindered by the data availability for model calibration 
and validation. For this research the selection criteria for a hydrological model 
should include the area of catchment hydrology, the spatial effects of land-use 
change on runoff generation, and water quality of sediment.  
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The term ‘model’ has been defined in numerous ways which has led to some 
confusion regarding its meaning in different contexts (Konikow and Bredehoeft, 
1992). Generally, models are not exact representations of the physical system or 
processes but are instead conceptual representations and estimations using some 
mathematical equations.  For the purposes of this research, a simplified version of 
hydrological (surface and ground water) systems and sediment transport dynamics 
is used, and reasonable alternative scenarios are predicted, tested and compared. 
The application and effectiveness of a model depends on how closely the 
mathematical equations reflect the physical systems being modelled.  It is crucial 
to have a thorough comprehension of the physical system and the hypothesis 
implanted in the derivation of the mathematical equations in order to assess the 
effectiveness of the model (Kumar, 2000). 
Numerous catchment scale models are available today, and most of these have 
capability to simulate hydrologic processes with or without nonpoint-source 
pollution, and a few also include economic components (Singh and Frevert, 
2002). Many of these models are continuous simulation models as they are used to 
analyse long-term hydrological changes. These can be used for management 
practices especially for agricultural purposes (Borah and Bera, 2004). A brief 
description of these models is listed in Table 2.1. 
Keeping in mind the above selection criteria, the Soil and Water Assessment Tool 
(SWAT) was selected for part of the integrated system to achieve the research 
objectives.  SWAT is a physically-based model (spatially represents the 
catchment area)  It requires information about weather, soil properties, 
topography, vegetation and land management practices.  
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2.5.1 Assessment of the performance of SWAT for hydrological studies 
Several hydrological components in the SWAT model, such as surface runoff, 
evapotranspiration (ET), recharge, and stream flow have been developed and 
validated at small scales within the Erosion Productivity Impact Calculator 
(EPIC), Groundwater Loading Effects of Agricultural Management Systems 
(GLEAMS) and Simulation of Water Resources in Rural Basins (SWRRB) 
components. Surface flow and sub-surface flow in SWAT are interlinked and 
based on a linked surface and sub-surface flow model developed by Arnold et al. 
(1996). Current SWAT reach and reservoir routings are based on the ROTO 
approach which is developed to estimate flow and sediment yields in large basins 
using sub-area inputs from SWRRB. The SWAT model has been used for several 
studies (Srinivasan and Arnold, 1994; Arnold et al., 1998; Arnold and Allen, 
1999; Arnold et al., 2001; Chu and Shirmohammadi, 2004) for simulation of flow 
and sediment for river basins for assessing different climate and land-use changes.  
The SWAT model has also been used for simulating stream flows for two small 
catchments in South Western Canada (Etienne et al., 2008). The study shows that 
the model satisfactorily calibrated the mean annual flows but under estimated the 
dry season flows and over-estimated the wet season flows.  
Application of the RUSLE equation within a tropical watershed requires complex 
input data that are not too complex or unattainable within a developing country, it 
is compatible with a Geographic Information System GIS, and it is easy to 
implement and understand from a functional perspective. Wischmeier and Smith, 
(1978). used in conjunction with a raster-based GIS, the RUSLE model can 
predict erosion potential on a cell by cell basis. This has distinct advantages when 
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attempting to identify the spatial patterns of soil loss present within a catchment. 
The GIS can then be used to isolate and query these locations to yield vital 
information about the role of individual variables in contributing to the observed 
erosion potential value. 
Table 2.1: Overview of hydrological models 
Model Author Model Type capabilities 
AGNP (Young et al., 
1987) 
Continuous 
simulation 
model 
To evaluate management decisions 
impacting water, sediment and 
chemical loadings within a 
water basin system 
AnnAGNPS (Bingner and 
Theurer, 
2001) 
Continuous 
simulation 
models 
Enhanced features from AGNP for 
more comprehensive evaluation 
of the catchment  
ANSWERS-
Continuous 
(Beasley et al., 
1980) 
Continuous 
simulation 
models 
Simulate runoff, erosion, transport of 
dissolved nutrients and  
sediment  
CASC2D (Downer et al., 
2002) 
2 D model Simulate rainfall run off from any 
temporally spatially varied 
rainfall event 
DWSM (Borah et al., 
2002) 
Distributed Simulation of surface and subsurface 
storm water runoff  
HSPF (Bicknell et al., 
1996) 
Continuous 
simulation 
model 
Nonpoint source run off simulation 
KINEROS (Woolhiser et 
al., 1990) 
Continuous 
simulation 
model 
Hydrological and nonpoint source 
pollution model 
MIKE SHE (Refsgaard and 
Storm, 
1995) 
Distributed 
model 
Catchment scale hydrological and 
nonpoint source pollution 
model 
PRMS Storm 
Mode 
(Leavesley and 
Survey, 
1983) 
Continuous 
simulation 
model 
Rainfall runoff simulation model 
SWAT (Arnold et al., 
1998) 
Semi 
distributed 
model 
Predicting and assessing the impact 
of management of water and 
sediment. 
 
Chapter 2 
31 
The above studies indicate that SWAT can perform very well for hydrological and 
sedimentation studies for large as well as small catchments and the following 
conclusions have been drawn for the SWAT model, which also form the rationale 
for its use for this research: 
• Efficient performance for hydrological and sedimentation studies for 
large catchment. 
• Good simulation of flows monthly, seasonally and annually with 
satisfactory simulation on a daily basis. 
• Satisfactory performance in catchments with snow melting process. 
• Coupling possible with climate and land-use models to forecast future 
stream flows and sedimentation in catchments. 
• Appropriate for use as a decision support model as it has the capability 
of modelling changes in land-use, management practices and climate 
change.  
2.5.2 Description of the SWAT model 
The SWAT Model computes runoff and discharge at each Hydrological Response 
Unit (HRU) and then aggregates to sub-catchment by an area-weighted average. 
HRU represents the spatial heterogeneity in terms of land cover, soil type and 
slope in a sub-catchment. Water balance is the basis of all simulations. The water 
balance of a catchment can be grouped into the land phase and the routing phase. 
The routing of water in HRU calculated is shown in Figure 2.3. The water balance 
in each HRU is described by four storage volumes: snow, soil profile, shallow 
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aquifer and deep aquifer (Jha et al., 2004). The runoff, sediment and nutrient are 
processed in each HRU and routed through streams, lakes and reservoirs. 
The water balance in the land phase includes canopy water balance (representing 
rainfall interception) and soil water balance. The canopy water balance determines 
the amount of rainfall evaporated from the canopy. The soil water balance 
partitions the incoming rainfall into soil water content, surface runoff, actual 
evapotranspiration, plant uptake, infiltration and percolation, and return flow. In 
the end, flow is routed at HRU level for computation of the total runoff of the 
basin. 
Once the water balance of the land phase is calculated, the flow is routed through 
the stream network. As the water flows in the reach or main channel, water loss 
occurs as a result of evaporation and transfer through the river bed. The water in 
the reach is also removed by municipalities, industry and irrigation demands. The 
wetlands, reservoirs and lakes also influence water routing. 
Sediment yield in SWAT is estimated with the modified soil loss equation 
(MUSLE) (Williams and Berndt, 1972). Once sediment is calculated, it is routed 
in two phase deposition and degradation. These two processes operate 
simultaneously.  The sediment deposited in the river or flood plain from sub-basin 
is computed using Stoke’s Law (Chow et al., 1988).  In the second phase, 
degradation (Bagnold’s stream power equation) of the channel takes place 
simultaneously with deposition of the sedimentation.  The hydrological and 
sediment component of the SWAT model is discussed with further details in the 
next section. Full details of the model can be found from Arnold et al. (1998) and  
Neitsch and Arnold (2005). 
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2.5.3 Hydrological component of SWAT 
The simulation of flow can be described in two hydrological components: the land 
phase and the routing phase. The land phase of the hydrologic component controls 
the water movement in the land and determines the water, sediment, nutrient and 
pesticide amount that is loaded into the main stream.  Canopy storage, infiltration, 
redistribution, evapotranspiration, lateral sub-surface flow, surface runoff, ponds 
and tributary channel return flow are simulated in this hydrological component. 
The second component is the routing phase in which the water is routed in the 
Figure 2.3: SWAT land phase process and control parameters (Mekonnen 2008). 
CN2: SCS Curve Number; SOL_K: soil hydraulic conductivity; SOL_AWC: soil 
available water capacity; GW_REVAP: Groundwater “revap” coefficient; 
REVAPMN: threshold depth of water in shallow aquifer baseflow; RCHRG_DP: 
deep aquifer percolation coefficient; ALPHA_BF: Baseflow alpha 
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channel network of the basin, carrying the sediment, nutrients and pesticides to 
the outlet. In the land phase, equation 2.1 describes the hydrological cycle in the 
land phase. 
  (2.1) 
where SWt is the final soil water content (mm), SW0 is the initial soil water content 
(mm), t is the time step (day), Rday is the daily precipitation (mm). Qsurf is the 
surface runoff (mm), Ea is the evapotranspiration (mm), Wseep is the seepage from 
the soil bottom layer (mm) and Qgw is the groundwater flow (mm). 
With regard to the sediment component, the SWAT computes erosion caused by 
runoff and rainfall with the Modified Universal Soil Loss Equation (MUSLE) 
(Williams et al., 1996). (Equation 2.2) 
  (2.2) 
where sed is the sediment yield (tons/day), Qsurf is the surface runoff (mm/ha), 
qpeak is the peak runoff rate (m3/s), areahru is the area of hydrological response unit 
(ha), KUSLE is the soil erodibility factor, CUSLE is the management cover, PUSLE is 
the support practice factor, LSUSLE is the topographic factor and CFRG is the 
coarse fragment factor. The detailed description of all these parameters can be 
found in the SWAT manual and also from Arnold et al. (1998) and Neitsch and 
Arnold (2005). 
2.5.4 Simulation capabilities 
SWAT is a physically based model that can be used to simulate flow and sediment 
for large basins. It can predict nonpoint source pollution. Furthermore, it can be 
CFRGLSPQWEQRSWoSWt USLEUSLEgwseepasurfday )( −−−−+= ∑
CFRGLSPCKareaqQsed USLEUSLEUSLEUSLEhrupeaksurf
56.0)(8.11=
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used for impact studies such as climate and land-use changes, and water quality 
loading. The model can be used in planning and decision making. It also simulates 
the major hydrologic components and their interactions simply and yet as 
realistically as possible (SWAT, 2009). 
2.5.5 SWAT sensitivity, calibration and validation 
The main objective of any hydrological model is to predict the hydrological cycle. 
It is very important to know the uncertainties in the model results prior to making 
any meaningful judgment (Himesh et al., 2000). The uncertainty in the model 
result depends upon the quality and nature of the model.  The model can be 
optimized by reducing the model uncertainty through sensitivity analysis of the 
parameters. Finally, model performance should be checked using appropriate 
statistical and graphical tests. 
2.5.6 Sensitivity analysis  
The sensitivity of the model can be described as the rate of change in model 
output results with rate of change of model input data. It can provide good 
understanding for the behaviour of the modelling system, such as parameters and 
applicability of the model, thus increasing the confidence level in the prediction of 
the results of the model. 
The SWAT model has the capability to make parameter selection for sensitivity 
analysis. It performs auto-sensitivity analysis using the principles of the Monte 
Carlo technique with a stratified sampling.  The sensitivity analysis in the SWAT 
model can be performed by selecting up to 27 input parameters and 280 runs. 
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2.5.7 Calibration and validation 
Calibration is setting or correcting the output value by changing values of input 
parameters in an attempt to match these with field conditions or observations 
within some acceptable criteria. The model calibration requires that field 
conditions at the study area be properly characterized otherwise it may result in a 
model calibrated to a set of unrepresentative conditions of the study area. Three 
calibration approaches are widely used by the scientific community. These 
include: 1) manual calibration, 2) automatic calibration and 3) a combination of 
the two. The most widely used approach is manual calibration. In manual 
calibration the modeller alters the model input parameters manually by comparing 
the simulated values with observed values until the two values come within a 
reasonable range. This process is time consuming and its success depends on the 
modeller expert judgment and his knowledge about the study area (Eckhardt and 
Arnold, 2001). Auto calibration is usually preferred as it is less time consuming 
and can use an extensive set of input parameters possibilities. Auto calibration 
uses a predefined algorithm to obtain optimum input parameters. 
The SWAT model has two built-in calibration tools: the manual calibration helper 
and auto calibration. It has more than 30 input parameters that can be altered 
during the calibration period.  For auto calibration the SWAT model uses Shuffled 
Complex Evolution Method algorithms to attain best-fit parameters (Green and 
Van Griensven, 2008). 
2.6 Economics of reservoir sedimentation 
Engineering literature emphasizes that even when a dam is structurally 
sustainable, the reservoir could become unsustainable due to sedimentation 
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accumulation. Although the importance of the effect of the silt and sedimentation 
on the reservoir due to land degradation in the upper catchment are widely known, 
there is limited quantitative economic analysis on such effects.  
The consequences of soil erosion and reservoir sedimentation have onside as well 
as offside effects. The onside effects can be experienced by upstream land that 
reduces enriched nutrient contents and organic matter resulting in the decline of 
agricultural productivity (Pimentel et al., 1995). The offside effects means a 
reduction in reservoir capacity, enhancing flood risks, occurrence of muddy 
floods, and a shortened reservoir life (Verstraeten and Poesen, 1999). Particularly 
in most semi-arid and arid regions, soil erosion is one of the major threats to the 
conservation of soil and water resources. The potential risk of soil erosion in these 
regions is due to higher climatic instability to which the extreme intensive rainfall 
events, the poor vegetation cover and the existence of highly vulnerable soils on 
steep slopes all contribute (Raclot and Albergel, 2006; Al Ali et al., 2008).  
Fonseca et al. (1998) found high nutrient levels in the sediments of the two 
reservoirs compared to original soil nutrients in a Portuguese study. Similar 
results were also reported by Haregeweyn et al. (2008) who investigated 13 
reservoirs in the semi-arid northern Ethiopian highlands. The enrichment in 
nutrients is caused by disintegration of finer soil particles from parent material 
and transport of these finer particles in the reservoir via runoff. The loss of 
nutrients from the soil may cause a significant threat to crop yield, as soil fertility 
is often already low (Haregeweyn et al., 2008).  Furthermore, the nutrient rich 
sediments in reservoirs can cause aquatic life and water quality problems, 
particularly in drinking water reservoirs (Lahlou, 1996; Fonseca et al., 1998). 
Flushing the reservoir sedimentation through dredging and use of these high 
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nutrient sediments as fertilizer could be an option, depending on the economic 
viability (Fonseca et al., 1998; Haregeweyn et al., 2008) but only if concentrations 
of pesticides and herbicides are within acceptable ranges.  
The downstream reservoir sedimentation effects have some severe implications 
such as sediment deposition that can compromise the safety of the impoundment 
structure, from spillway overtopping or cracking under increased pressure from 
the weight of the sediment (O'Reilly and Silberblatt, 2009). Furthermore, 
sediment deposition can also accelerate eutrophication of reservoirs through loss 
of water storage capacity and limiting flow, which subsequently limits dissolved 
oxygen content of the water column. Where reservoirs are used for irrigation 
storage for the surrounding agricultural landscape, runoff from these farms may 
have high nutrient content. The combination of these factors leads to eutrophic 
reservoir conditions of increased plant and algal growth in reservoirs (O'Reilly 
and Silberblatt, 2009). 
The environmental impacts of the reservoirs are well documented. For example, 
Morris and Fan (1998) noted that the presence of a migration barrier to 
anadromous fish often prevents access to upstream spawning habitat. Downstream 
river morphology is caused by sediment transport in the upstream of the river 
(Morris and Fan, 1998). Deltas are formed in the river due to sedimentation 
resulting in bed armouring. This tends to erode river bed and banks that can 
accelerate bed armouring which may have ecological habitats (Owens et al., 
2005). Channel siltation can also reduce the groundwater table in river bank areas 
and in coastal areas which may lead to saltwater intrusion, making these aquifers 
useless (Morris and Fan, 1998). Organic materials are integrated with sediment in 
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the reservoirs that are food sources of downstream ecosystems (Gasith and Resh, 
1999). 
Furthermore, reduced capacity of a reservoir due to sediment transport has direct 
impacts on the regional economy by reducing water for downstream land 
irrigation.  
2.7 Summary 
The key messages that can be drawn from the literature review are:   
• The Pakistan economy is mainly based upon agriculture, with most of 
the regions lying in semi-arid areas relying heavily on rainfall and 
stored water in reservoirs. Tarbela and Mangla Dams, the two largest 
reservoirs, are losing their capacity very rapidly due to sedimentation.  
• Climate change variability will likely accelerate in the future along 
with land-use changes, especially deforestation and more agricultural 
activities, further reducing the storage capacity of the dams. 
• There have been major advances in the assessment of climate change 
impacts on hydrology and water resources. However, the integrated 
framework for evaluating the combined effect of climate change and 
land-use changes is still limited. 
• Reservoir sedimentation has onside as well as offside effects resulting 
in upstream land degradation, flood risks, and changes in morphology 
of the river and the ecology. Furthermore, it has direct impacts on the 
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economy of the country, resulting in less agricultural yield and loss of 
hydropower capacity of the dams. 
2.7.1 Key knowledge gaps identified from the literature review 
These relate primarily to conditions in Pakistan. 
• Observations and research related to climate change and 
sedimentation are patchy. 
• An integrated management framework for surface water and 
sedimentation is lacking.  
2.7.2 Contribution to the knowledge base 
This research aims to make an original contribution to the knowledge base of 
climate change impacts on reservoir life as follows: 
• The modelling work is an integration of a land-use, climate, and 
hydrological component with reservoir sedimentation. There are many 
existing models such as MIKE 11, MIKE SHE, and SWAT that 
integrate land-use components with hydrological ones. However, the 
changes in land-use components are not in a time series, nor are they 
policy oriented. 
• The integrated model is developed for the Mangla basin, Pakistan, 
which is the first of its kind to be applied to a Pakistan catchment. 
• The integrated work is applicable to both a larger and smaller 
catchment. 
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• Integrated Frame work that links climate and land-use part with 
hydrological part for the assessment of reservoir sediment for base 
line and future period. 
•  Land-use scenario algorithm was developed based upon socio 
economic and physical factors that is quite interesting, similarly use of 
transient  time series for future scenarios was very new idea as most of 
the studies were using time slice data instead of transient time series 
data. 
• The economic analysis carried out for this study to present the 
reservoir sedimentation in monetary terms was first of its kind of work 
in that region.  
• The proposed integrated model can be used for policymakers and 
planners. 
 
 CHAPTER THREE 
CHARACTERISTICS OF THE STUDY AREA AND  
DATA PREPARATION FOR THE MODEL DEVELOPMENT 
3.1 Introduction 
Pakistan is located in the Northwest of the South Asian subcontinent, lying 
between 24° to 37° north latitude and 61° to 75° east longitude. It borders with 
Iran in the west, Afghanistan in the northwest, China in the northeast, and India in 
the east. On the south side lies the Arabian Sea (Figure 3.1). The total land area is 
estimated at 804,000 km2.  
The Mangla basin is located on the northeast side of Pakistan. The Mangla Dam is 
the second largest in Pakistan and the 12th largest in the world. The main purpose 
of the dam is to store water for irrigation, although it produces more than 1,000 
Mega Watts (MW) of electricity. The water stored in the dam is supplied to rice 
and wheat growing areas (Butt et al., 2010).  Jhelum River is the main distributary 
feeding the Mangla Reservoir. The Jhelum River originates from the north-
western side of PirPanjal and receives water from various tributaries of the 
southern slopes of the Great Himalaya. In addition to the rainfall, these tributaries 
are also partly fed by permanent snow and glacier melt. The Jhelum River valley 
starts narrowing down below Baramola. At Chakothi, the river enters the Pakistan 
Kashmir part and flows in a narrow gorge taking a turn in a general north-west 
direction. Along its way to the dam site the river is joined by a large number of 
streams and nullas. On its steep gorge course, the river takes a very sharp bend at 
Domel to flow southward along with its tributaries, namely, Neelam 
(Kishanganga) and Kunhar rivers. Two very important tributaries, Kanshi and 
Poonch, feed into the Jhelum River before it drains into the Mangla Reservoir 
(Figure 3.2). 
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Figure 3.1: Map of Pakistan 
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Figure 3.2: Location of the Mangla basin and climatic and hydrological 
observation stations 
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3.2 Climate 
Besides latitude, the climate of the study area is directly related to its altitude. The 
altitude varies from north to south and so does the climate. The temperature 
changes from subtropical in the south with an elevation below 1,070 m to the 
temperate north with an elevation up to 3,650 m, and becomes very cold further 
north at elevations above 4,265 m. The average annual rainfall varies from around 
945 mm in the south at Mangla to 1,415 mm in the north. The seasonal rainfall 
pattern is generally monsoonal. The autumn and winter rains are important, since 
their effectiveness is much greater under the prevailing low temperatures in these 
seasons. On the other hand, the spring and summer rains are received under high 
temperature and in torrential form. Summers are hot to very hot (30oC at Mangla) 
in lower altitudinal zones, but are pleasant and colder at higher altitude. 
To study the response of the climatological factors on the Mangla basin, analyses 
for rainfall and temperature were carried out for Astore, Bagh, Domel, Naran, 
Palandari, Kotli and Mangla climate stations in the Pakistan part of the basin 
using the period from 1990–2009. The location of the gauging stations is shown in 
Figure 3.2. Two different agencies collect the climate data in the upper Indus 
basin, i.e., the Pakistan Meteorological Department (PMD) and Surface Water 
Hydrology Project (SWHP) of Water and Power Development Authority 
(WAPDA). The main activity of SWHP stations is discharge measurements but at 
some of their gauging stations, SWHP also observes selected climate variables 
particularly rainfall. An inventory of the climate stations around the basin is given 
in Table 3.1. No data are available from Indian Kashmir, except for some monthly 
data for Srinagr from 1960–1990 (Archer and Fowler, 2008). The rainfall and 
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temperature data of the Srinagar gauging station was collected from the Indian 
Meteorological Department (IMD). Evaporation, relative humidity and wind 
speed parameters were analysed using the data from the Domel gauging station 
from 1970 –2009. 
3.2.1 Rainfall 
There is a large spatial rainfall variation in the Mangla basin from an annual 
average of 944 mm in the sub-humid south to 1,453 mm at Kotli in the humid 
north and up to 2,024 mm at Muzaffarbad, but declining to 683 mm further north 
at Srinagr. The monthly variation in the rainfall over the period from 1990 to 2003 
is between 70% and 130% (Figures 3.3 and 3.4). The northern and eastern part of 
the basin receives most of the rainfall in spring. About 50% of the annual rainfall 
for Srinagar and Naran stations occurs between January to April, with a further 14 
and 29% from monsoon months.  There is no gauging station in the upper part of 
Table 3.1: Inventory of climate stations in and around the basin 
Location 
Latitude (°) Longitude (°) Elevation 
(MASL) 
Operating 
Agency 
Astore 35.20 74.50 5128 PMD 
Bagh 33.97 73.76 1067 SWHP 
Palandari 33.72 73.69 1402 SWHP 
Domel/Muzaffarabad 34.37 73.47 686 SWHP/PMD 
Naran 34.91 73.65 2363 SWHP 
Kotli 33.49 73.89 610 SWHP 
Mangla 33.12 73.64 282 SWHP 
Srinagar 33.10 74.82 1584 IMD 
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the basin, but the Astore station that lies in the Karakoram basin (neighbouring 
basin) supports the seasonal distribution for the high mountain areas of the 
Himalaya. 
 
 
Figure 3.3: Monthly rainfall distribution in the Mangla basin 
  
Figure 3.4: Mean monthly percentage of annual rainfall 
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3.2.2 Air temperature 
The temperature in the basin varies greatly. In the northern part of the basin, 
temperatures frequently drop below 0°C in December to March. The southern part 
of the basin is relatively warmer and can be up to 40°C in June. Figures 3.5 and 
3.6 show the average monthly maximum and minimum temperature for stations in 
the Mangla basin between 1990–2009. 
 
Figure 3.5: Average monthly maximum temperature 
 
 
 Figure 3.6: Average monthly minimum temperature 
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3.2.3 Evaporation, wind speed and relative humidity of the Mangla basin 
As most of the basin area lies in the temperate zone, temperatures are mild, and 
evaporation remains moderate throughout the year. Evaporation, wind speed and 
relative humidity data are only available at the Domel station in the upper Jhelum 
basin. The temporal distribution of the average monthly evaporation is shown in 
Figure 3.7. June has the highest evaporation of 226 mm and December the lowest 
with 34 mm.  
Annual evaporation over the Domel station is shown in Figure 3.8. The highest 
observed evaporation is 2515 mm in 1968 and the lowest, 725 mm in 2007.  
 
Figure 3.7: Average monthly evaporation at Domel 
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Average monthly wind speed distribution over the Domel is presented in Figure 
3.9. Results show that March is the windiest month and August to December are 
calmer months. Figure 3.10 gives the annual average wind speeds for the last 40 
years from 1968 to 2009, showing that the wind speed varies dramatically from 
year to year. In general, the average annual wind speed has decreased over time 
for the Domel area. 
At the Domel (Muzzafarabad) climatological station relative humidity data were 
collected from SWHP for the period 1968 to 2009. Relative humidity is recorded 
at 08:00 and 17:00 daily.  The mean relative humidity on a daily basis is 
calculated by taking the mean of both values. The relative humidity reached a 
maximum in August with a value of 77% and a minimum in June with a value of 
56% (Figure 3.11).  
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Figure 3.8: Mean annual evaporation at Domel 
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Figure 3.9: Mean monthly wind speed at Domel 
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Figure 3.10: Mean annual wind speed at Domel 
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The annual average relative humidity values from 1968 to 2009 are presented in 
Figure 3.12, with the highest value for 1997 at 78%. The annual average relative 
humidity shows a slight rising trend over time. 
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Figure 3.11: Average monthly relative humidity (%) at Domel 
 
Figure 3.12: Mean annual relative humidity (%) for Domel 
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Seasons of the Mangla basin 
Based on variation of climatic factors, including temperature, precipitation, 
humidity and evaporation, the following five climatic seasons can be recognized: 
Pre-monsoon season (May – ] June) 
This is the hottest and driest season. Daytime temperature rises up to about 40°C. 
Monsoon season (July – September) 
Monsoon is the main rainy period. The cool monsoon winds followed by heavy 
rains lower the temperature to some extent. The groundwater levels start rising 
and reach a peak towards the end of season. The pre-monsoon and monsoon 
seasons are also called the summer season. 
Post monsoon season (October – November) 
The temperature generally decreases during this season. Ground water levels 
remain constant with the exception of a few places where withdrawal is exercised. 
Winter season (December – February) 
This season has low temperatures, strong northern cold winds, low rains and low 
evapotranspiration. Groundwater levels remain near to peak due to low 
evapotranspiration. 
Spring season (March – April) 
During this season temperatures remain pleasant due to light rain. The 
groundwater level starts declining as the evapotranspiration increases, coupled 
with excessive pumping. 
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3.3 Land-uses 
The major part of the Mangla basin is grassland as it receives moderate rainfall in 
all months. The slope of the area ranges from 0 to 37% but is between 0 to 2.5 % 
for most areas (Figure 3.13). The basin is at a high altitude as shown by its 
contour map (Figure 3.14). 
Irrigated agricultural land   
Irrigated agricultural land is the major land cover in the Mangla basin. The 
irrigated land is mostly found on flat plains and gentle slopes, forming terraces 
and comprising post flooding or irrigated croplands, rainfed crop land and mosaic 
crop land. In total, the irrigated agricultural areas cover an area of approximately 
55% of the total basin.  Maize, wheat and rice are the main crops grown in the 
area. Fruits, including apples, apricots, peaches, walnuts, almonds, plums, pears, 
cherries, strawberries, citrus and guava are grown locally under irrigation. 
Sugarcane is a new introduction and is cultivated in limited areas. Vegetables are 
also grown locally, and kitchen gardens are gaining popularity in the area. 
The small agro-based industries are not finding much favour compared to other 
parts of the country. This is mainly due to relatively low income generation from 
these enterprises compared to foreign remittances. The other reason for a lack of 
interest in agriculture is the dearth of cultivatable land in this area, the majority of 
the area being mountainous. The only sizeable cultivatable land is located in the 
south of Mirpur district, where the land holdings are still too small to be economic 
for a household. 
On the other hand, poultry and dairy farming are developing rapidly in the area to 
meet the ever increasing need of meat and milk. Many locals have interests in the 
dairy business and are setting up dairy farms. 
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Figure 3.13: Slope map of the Mangla basin (%) 
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  Mangla  Summer (i.e. Kharif) = 108 days 
     Winter (i.e. Rabi) = 112 days 
  Kotli   Summer (Kharif) = 184 days 
     Winter (Rabi)  = 136 days 
  Muzaffarabad  Summer (Kharif) = 171 days 
                Winter (Rabi)  = 137 days 
From the above calculations, it is concluded that the southern low land area is the 
drier one and will need supplementary irrigation from surface or ground water for 
crop growth and maturation to attain high yields. 
Forest 
Forested areas are mainly located in the upland and central part of the basin. The 
forest cover can be further classified into: (i) broadleaved evergreen or semi 
deciduous forest, (ii) broadleaved deciduous forest, (iii) needle leaved evergreen 
forest, and (iv) mixed broadleaved forest. It covers an area of approximately 15% 
of the total basin. 
In pre-historic times, all land facets from valley bottoms to upper mountain slopes 
in the Jhelum River basin were under different forest cover depending upon the 
altitudinal climate and soil conditions. Currently, the forest cover has been 
reduced significantly from most of the land facets that have been converted to 
grazing or agricultural land. Most current forest cover is confined to mountain 
slopes between 457m and 5000 m elevation. This includes: i) dry subtropical 
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broadleaved (Olea-Acacia modesta) chir pine forests, ii) moist chir pine forests, 
iii) moist temperate conifer and broadleaved forests, and iv) dry temperate forests. 
Above these forests, subalpine forests with pastures occur between elevations of 
3200m and 3810m, and alpine pastures at 4200 m elevation. These pastures are 
dominated by shrubs and short grasses used for sheep and goat grazing during the 
summer season. Snow fields occur above elevation 4200 m and are devoid of 
vegetation. They are, however, important from a basin standpoint. 
Rangeland and wetland 
Rangeland is usually found upland of the basin, comprising about 25% of the 
basin, and contains a generally natural landscape in the form of grassland, shrubs, 
woodland and wetland. Almost all of the rangelands in the Mangla basin are in 
degraded form from their original.  These occur in wooded shrub land, shrub 
grassland or grassland, interspersed with forests, between 457 m and 4572 m 
elevation. 
Overuse of these mountain rangelands through excessive grazing and trampling 
by a large number of transhumant and sedentary nomadic livestock have 
substantially degraded the rangeland. Consequently, their fertility has been 
lowered and so has their productivity. Currently they are producing much below 
their production potential. This has caused a serious imbalance, particularly in the 
subtropical zone, between the forage production and livestock forage requirement. 
The animals are underfed with low body weight, low milk and meat yield and low 
quality wool. They have low resistance against diseases and climatic harshness 
causing high mortality. 
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Due to degradation of these rangelands, their physical and hydrological cycles 
have been disturbed. The soils, subsequent to removal of their vegetation cover, 
are diminishing in depth over the hard rock, losing their organic matter and clay 
content. Due to the decrease in vegetative cover and surface sealing as a result of 
trampling, surface runoff has increased and infiltration has decreased and so has 
the soil moisture content, leading to soil erosion and sedimentation. 
The alpine and subalpine pastures are predominantly used by transhumant 
livestock during the summer season. Owing to their gentler topography, better soil 
moisture regime and dense vegetative cover, they are relatively stable and pose 
little soil erosion problem. 
Urban land 
The urban area is defined as “Artificial surface areas and associated areas in the 
global land cover”. The urban area is less than 1% of the total basin.   
Permanent snow and water 
The Mangla basin is mainly a rain-fed area but there are some areas in the uplands 
that are covered by snow for most of the year. The Mangla Reservoir and Wular 
Lake are the two important water bodies in the basin. They cover around 4% of 
the total basin.   
The land-use and land cover map is given in Figure 3.15 and the area is classified 
into main groups that have distinct hydrological characteristics. The distribution 
characteristics of each land-use are discussed in detail in Chapter 6. 
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Wildlife resources 
The migratory birds of the Mangla Dam include 20 species of ducks belonging to 
four orders, two species of cranes, four species of cormorants, eight species of 
herons and egrets, three species of storks, one species of flamingos and two 
species of gallinules. Most of the species are rare and endangered. In addition, two 
species of global endangered migratory falcons also come and reside in the 
surroundings of the dam. The endangered and rare species include: bare headed 
goose, grey-leg goose, ruddy shelduck, gad wall, spot billed duck, white eyed 
pochard, red crested pochard, great crested grebe, black necked grebe, marbled 
teal, white headed duck, red shank, green shank, whiskered tern, grey heron, black 
stork, common crane and demoiselle crane. A list of wildlife sanctuary, game 
reserves, National Park and lakes with their extent is given in Table 3.2. 
 
3.4 Soil characteristics of the Mangla basin 
The soil data and soil properties used for this study are derived  from ISRIC-
WISE (Batjes, 2006),  a global soil data set with a resolution of 5×5 arc minutes 
as shown in Figure 3.16.  The soil properties such as texture, soil bulk density, 
Table 3.2: Wildlife sanctuary and reserve of the Mangla basin (MJV, 2003) 
Category Name Area (km2) 
Wildlife Sanctuary Salkhala 8.1 
Game Reserve Ghamot 272.8 
  Hilan 4.2 
  Moji 38.6 
  Mori Said Ali 2.4 
  Phala/Kuthnar 3.2 
  Qazi Nag 48.3 
  Vatala 4.5 
National Park Machiara 135.4 
Lakes Mangla 100.0 
  RatiGali N.A 
  Banjosa N.A 
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soil available water capacity, soil electric conductivity and soil composition for 
sand, silt and clay are also available from the data set. There are some data 
available for soil composition at various gauging stations in the Pakistan part of 
the basin. There is only a slight difference in the composition compared to global 
data sets and therefore global data set values were used for this study. 
The soil map of the Mangla basin can be classified further into eight groups that 
have similar soil properties. The properties of these eleven types are described in 
Table 3.2. As seen from Table 3.2 and Figure 3.16, sandy loam (48%), light clay 
(24%) and loam (22%) are the dominant soils in this region. The texture of the 
soil helps to define soil hydrologic groups (A, B, C, and D). In this sense, soils 
having similar runoff potentials under similar storm conditions are grouped in the 
same class. Further details for hydrological grouping of soils in SWAT can be 
found in Neitsch and Arnold (2005). 
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Figure 3.15: Land-use map of the Mangla basin 
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Soil 
Type 
Percentage 
of basin 
area (%) 
Textur
e 
Soil 
bulk 
density 
(g/cm3) 
Hydrologic 
Group Soil available water 
capacity (mm/mm) 
Hydraulic 
conductivit
y (mm/h) 
Composition (%) Soil electric 
conductivity 
(ds/m) Clay Silt Sand 
1 1 Loam 1.39 B 0.02 24 34 23 43 1.73 
2 1 Light 
clay  
1.41 B 0.02 29 22 36 42 0.10 
3 24 Light 
clay  
1.24 C 0.05 7.8 48 30 22 1.40 
4 1 Clay 
loam 
1.40 B 0.05 40 22 36 42 1.40 
5 22 Loam 1.39 C 0.07 34 23 36 41 0.10 
6 48 Sandy 
loam 
1.40 C 0.15 40 22 36 42 0.41 
7 2 Loam 
sandy 
1.39 D 0.01 35 23 34 43 1.40 
8 1 NA1 NA NA NA NA NA NA NA NA 
1No data available. 
 
 
Table 3.3: Soil properties of the Mangla basin 
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and Jhelum (upper and lower), produce a large portion of the runoff in spring to 
summer seasons (Figure 3.18). 
The variation in discharge during spring in the basin is greater than in the 
monsoon season. This is due to the fact that Kunhar and Naran tributaries are fed 
by snow melt, whereas Jhelum River is mostly rainfed.  The Kanshi and Poonch 
tributaries receive high flows from monsoon rainfall rather than snow melt. The 
seasonal variation of discharge of Jhelum River (Upper and lower), Neelum 
River, Kunhar River, Kanshi River and Poonch River is shown in Figure 3.19. 
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Figure 3.17: Mean annual flow at the Mangla basin flow gauging stations 
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Figure 3.18: River network in the Mangla basin 
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3.6 Sediment characteristics 
Most of the sediment load is produced from the geological erosion and seismic 
activity in the area. Landslides occur almost all the time along the Jhelum River. It 
is believed that the landslide activity in the region has enhanced after the 2005 
earthquake (KHPP, 2008). The other sources of sediment are sheet erosion by rain 
and gully erosion. An important factor contributing to the soil erosion is land-use 
change such as deforestation, cattle grazing and road construction (KHPP, 2008). 
The sediment discharge data at Chinari, Hattian Bala, Domel, Chattar Kallas, 
Kohala, Naran and Azad Pattan stream gauging stations were collected from the 
SWHP, WAPDA. Table 3.4 lists the basin areas, available record of suspended 
sediment and average suspended sediment per year. 
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Figure 3.20 depicts the suspended sediment load characteristics of the Jhelum 
River as a function of the basin area. The specific suspended sediment load 
increases linearly with the increase in basin area from Chinari to 
Karot.(SWHP,2005)  
Specific suspended sediment yields of various gauging stations are shown in 
Figure 3.21 for Chinari, Domel, Kohala and Chattar Kallas, whereas the 
percentages of sand, silt and clay in suspension at the various stream gauging 
stations are shown in Figure 3.22. 
No information is available on the specific suspended sediment yields in the 
Indian Kashmir, particularly upstream and downstream of the Wular Lake to 
estimate the sediment deposition rate in the lake. Wular Lake has reduced a lot of 
sediment loads to its downstream due to the sediment trapping ability of a large 
lake. 
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Figure 3.20: Total sediment load for the Jhelum River as a function of distance 
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Sediment gauging station 
Sediment 
gauging 
Status 
Basin 
area 
(km2) 
Data 
availability 
period 
Mean 
annual 
suspended 
sediment  
(M tonnes) 
Chinari @ Jhelum Closed 13,609 1970–1995 2.50 
Hattian Bala @ Jhelum Operating 13,792 1997–2005 1.95 
Domel @ Jhelum Operating 14,516 1980–2005 3.91 
Chattar Klass @ Jhelum Operating 24,790 1997–2005 12.54 
Kohala @ Jhelum Closed 24,890 1965–1995 19.32 
Azad Pattan @ Jhelum Operating 26,507 1979–2005 34.02 
Karot @ Jhelum Closed 26,699 1970–1979 – 
Muzaffarabad @ Neelum Operating 7,284 1963–2005 7.12 
Garhi Habib Ullah @ Jhelum Kunhar Operating 2,385 1960–2005 3.19 
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Table 3.4: Sediment gauging station characteristics of the Mangla basin 
Figure 3.21 : Specific suspended sediment yields per annum at stream gauging 
stations 
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 CHAPTER FOUR 
HYDROLOGICAL AND SEDIMENT MODELLING IN THE 
STUDY AREA 
 
This chapter describes the details of the Hydro/Sediment Routing-Climatic 
(HSRC) module of the integrated framework. Firstly, the input data is discussed, 
and then outputs (flow and sediment discharge) that are obtained from the model 
after calibration and validation. Finally, the impact of extreme rainfall events on 
sediment load is discussed.  
4.1 Hydrological and sedimentation model 
The SWAT (Soil and Water Assessment Tool) is a river basin model primarily 
developed to quantify the impact of land management practice in large, complex 
basins (Bosch et al., 2004).  The model can be classified as semi-distributed as it 
divides the basin into sub-basins, which in turn are divided into Hydrologic 
Response Units (HRUs), while the distributed model can be described as a 
“physical based model for the simulation of the different process of the land phase 
in the hydrological cycle” (El-Nasr et al., 2005). It requires hydrological details at 
several spatial levels: basin, sub-basin, and the Hydrologic Response Unit (HRU).  
For example, climate data are defined at sub-basin level, with the same data 
applied for every HRU inside a sub-basin. Soil and management data are 
processed for each HRU, whereas snow melt temperature or the flow routing 
method is defined for the whole basin. The input data required for the 
development of the model includes topographic data, land-use types, soil and 
climate (rainfall, temperature, relative humidity, wind speed and solar radiation or 
sunshine hours). The main data sources for this study are from Pakistan 
Meteorological Department, Surface Water Hydrology Project (SWHP) of the 
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4.1.2 Digital Stream Network 
Stream network in the SWAT model is used to define location of the streams. The 
locations of the streams in the basin are defined by simply digitizing the digital 
elevation model (DEM).  
4.1.3 Climate data 
Climate data is needed by the SWAT model to simulate the hydrological process. 
The data required for this study was collected for seven stations within and around 
the study area: Astore, Domel, Naran, Palandari, Kotlti, Rehman Bridge and 
Mangla (Figure 3.2). The data consist of rainfall, maximum and minimum 
temperature, relative humidity, sunshine hours and wind speed. The data are in 
daily time series. A description of the data is shown in Table 4.1.  
Station  Lat  
(°) 
Long 
(°) 
Observation period 
Rainfall Tempera-
ture 
Relative 
Humidity 
Evapora-
tion 
Wind 
Velocity 
Astore 35.2 74.54 1990–2009 1990–2009 No data No data No data 
Domel 34.38 73.49 1990–2009 1990–2009 1970–2009 1970–
2009 
1970–
2009 
Naran 34.9 73.64 1990–2009 1990–2009 No data No data No data 
Palandari 33.72 73.69 1990–2009 1990–2009 No data No data No data 
Kotli 33.49 73.88 1990–2009 1990–2009 No data No data No data 
Rehman 
Bridge 
33.48 73.88 1990–2009 No data No data No data No data 
Mangla 33.12 73.63 1990–2009 1990–2009 No data No data No data 
 
Table 4.1 Meteorological data collected for the study area 
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The rainfall and temperature (maximum and minimum) data are available for 
almost all gauging stations, but relative humidity, evaporation, wind speed, solar 
radiation and sunshine hour data are only available for Domel. The SWAT model 
has a built-in weather generator to generate climate data for the whole basin using 
time series data of a single gauging station, which was used by School and 
Abbaspour (2006) in an application of SWAT for West Africa. The 19 years of 
data from Domel station from 1990 to 2009 was used to parameterise the weather 
generator in SWAT to fill the missing data for other stations. 
4.1.4 Soil and land-use maps 
Land-use and soil data are used in SWAT to determine the topographic features 
and hydrological parameters for each land and soil category. The soil and land-use 
data can be either in grid or polygon (shape) format. In this study, the land-use 
map was generated from global land cover data 
(http://www.esa.int/due/ionia/globcover) at 300 m grid resolution. 
4.1.5 Hydrological and sediment data 
Hydrological data are required for performing sensitivity analyses, calibration and 
validation of the SWAT model. Flow and sediment data is maintained by and was 
collected from the Surface Water Hydrology Project (SWHP), Water & Power 
Development Authority Pakistan. The data included the discharge at Chinari, 
HattianBala, Domel and Kohala for Jhelum River; Naran for Kunhar River; 
Muzzafarabd for Neelum River; Palote for Kanshi River and near Kotli for 
Poonch River (Figure 3.2). The data are available on a daily scale from 1990 to 
2009. The suspended sediment data are also processed by the same agency but 
recorded fortnightly. SWHP computes the annual total sediment based on the 
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rating curves from gauging stations. The sediment data (fortnight sediment 
discharge) and annual sediment deposited were also obtained from SWHP from 
1990 to 2005. More detail of the data is shown in Table 4.2. 
Gauging Station Name of River Latitude longitude Data collected (Years) 
Chinari Upper Jhelum 34.17 73.75 1970–1996 
HattianBala Upper Jhelum 34.16 73.74 1997–2009 
Domel Upper Jhelum 34.37 73.47 1976–2009 
Muzaffarabad Neelum 34.37 73.47 1990–2009 
Naran Kunhar 34.91 73.65 1990–2009 
Kohala Lower Jhelum 34.21 73.50 1990–2009 
Palote Lower Jhelum 33.22 73.43 1990–2009 
Kotli Punch 33.47 73.88 1990–2009 
 
4.2 Data processing 
The quality of the input data has a large impact on the performance of the model. 
Therefore it is essential to check the outliers and consistency in the input data. In 
this study, climate data (rainfall, temperature, wind speed and relative humidity) 
and flow data were checked for outliers and consistency or homogeneity based on 
Smirnov-Kolmogorov (S-K) Test (Ang, 1990) and double mass curve analysis 
(Adeloye and Montaseri, 2002). The S-K test was applied for sub-basin 1 (Chinari 
and Domel stations). The monthly data were divided into two parts, i.e., 1980 to 
1989 and 1990 to 2005. The cumulative density function results show consistency 
between the two data series (Figure 4.2). Double mass curves were developed for 
Chinari,  Domel,  Naran,  Muzzafarabad,  Azad  Pattan,  Kotli and Palote on mean 
Table 4.2: Hydrological data collected for the study area 
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monthly flows from 1990 to 2009 (Figure 4.3). The results indicate that all the 
series are consistent, since curves are sufficiently smooth in the presentation of 
the monthly accumulation of the flows for long-term observations. Furthermore, 
Chinari flow data are compared with the downstream gauging station of Domel. 
There is no break in the slope of the straight line indicating that flow measured at 
Domel  is consistent with Chinari (Figure 4.4). 
 
4.3 SWAT model setup 
The SWAT version 2009 was used in this study and ArcSWAT 2009 was used to 
build the model for the study area. ArcSWAT is the version of the SWAT model 
built in ArcGIS (Winchell et al., 2010). All the spatial analysis functions required 
by SWAT are carried out by ArcGIS such as delineation of basin and sub-basins 
and calculation of the Hydrological Response Units (HRU). 
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4.3.1 Basin delineation 
ArcSWAT uses DEM data to delineate basin and sub-basins. This involves the 
analysis of the DEM to provide topographic information of a basin and create sub-
basins on the basis of the flow directions and flow accumulations. In this study, 
this is done using manual delineation procedures within the model. Manual 
delineation provides the flexibility to edit sub-basin shapes and outlets.  
4.3.2 DEM setup 
The first step of the basin delineation is the DEM set up. Firstly DEM is required 
to be in proper projection. For this study, Lambert Conformal Conic projection 
was selected.  A mask of the Mangla basin was created to set the boundaries of 
the basin. SWAT processes the mask section of the DEM to delineate the basin 
into sub-basins. Stream network of the Mangla basin is utilized in the delineation 
process as it improves sub-basin delineation and hydrological segmentation. 
Finally, false sinks are removed in the processed basin data as they may cause 
inaccurate flow direction rasters. Filling false sinks is very important for 
successful hydrological analysis and generating correct geographical and flow-
related information.  
4.3.3 Stream definition 
For large hydrological basins like the Mangla basin, the stream definition is 
defined using available climate data, size of the basin and the objectives of the 
study. The Mangla basin is a trans-boundary basin, with more than half of its area 
lying in India. It is very difficult to obtain climate data from India as there is no 
treaty between Pakistan and India to share climatic and hydrological information. 
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Personal communications were used to obtain the climatic data for the Indian part. 
Unfortunately only data for Srinagr gauging station (Figure 3.2) was available. 
Considering the limitation of the climatic data and the objectives of the study, the 
whole basin was divided into six sub-basins, and the sediment load from each sub-
basin computed to simulate the total sediment at the outlet of the basin (i.e., the 
Mangla Dam). 
The purpose of the study was to assess climate change impact on the total 
sediment of the Mangla Dam. First, the information of sediment concentration 
from each sub-basin was required. The river discharge data was available for 
Jhelum River tributaries, i.e. Domel/Chinari for Upper Jhelum River, 
Muzaffarabad for NeelumRiver, Kotli and Palote for Poonch River, and thus it 
was more appropriate to delineate the basin on these points for the purpose of 
model calibration and validation. Therefore, the sub-basin delineation was done 
on the basis of the river tributary, i.e., Upper Jhelum basin, Neelum River basin, 
Kunhar River basin, Kanshi and Palote sub-basins (Figure 4.5). 
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Figure 4.5: River basins of the Mangla basin 
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4.3.4 Outlet and inlet definition 
The outlet definition in the basin determines the total number of sub-basins in the 
drainage network. For the present study six outlet points based on individual sub- 
basins (Upper Jhelum, Kunhar, Neelum, Poonch, Kanshi and Mangla sub-basins) 
were selected as shown in Figure 4.5.  The catchment area of these sub-basins is 
13885 km2, 9245 km2, 4454 km2, 2039 km2, 4192 km2 and 4642 km2, 
respectively. 
4.3.5 Land-use and Soil data 
Land-use and soil properties affect runoff, evapotranspiration and surface erosion. 
They are used by distributed hydrological models to determine the area and model 
parameters according to the land-use type and soil category for each sub-basin. 
For this study, land-use is reclassified based on the specific land cover types and 
the respective crop parameter according to SWAT database. A look up table for 
different categories of land cover/land-use is prepared to relate each grid value to 
SWAT land cover/land-use class. The different land-use types and their coverage 
are listed in Table 4.3. 
The SWAT model requires soil textural and other soil physical/chemical 
properties such as available water content, hydraulic conductivity, bulk density 
and organic carbon content for different layers of soil. The study area was divided 
into nine soil groups. Physical soil properties, i.e., soil moisture content, bulk 
density and saturated hydraulic conductivity were calculated for the top two layers 
each 10 cm in depth. The properties of each soil are shown in Table 3.2, Chapter 3 
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4.3.6 Hydrologic Response Unit (HRU) analysis 
SWAT further divides the sub-basin into Hydrologic Response Units (HRUs). 
Each HRU has the same land cover, soil group and slope. SWAT computes runoff 
and other hydrological outputs independently for each HRU and routes the runoff 
and sediment for the whole basin. The erosion and sediment for each HRU is 
estimated based on the Modified Universal Soil Loss Equation (MUSLE). It 
firstly computes the amount of runoff then uses the runoff to simulate erosion and 
sediment runoff for each HRU (SWAT, 2000), with runoff as the driving force in 
generating sediment.  The splitting of sub-basins into smaller parts provides a 
better description of the water balance of the basin and enhances the model 
efficiency for flow and sediment calculation. 
The HRU distribution is determined by the HRU definition. In the HRU 
definition, a threshold percentage to the sub-basin area was used to eliminate 
Table 4.3: Description of land cover data 
Land-use  Type Area (km2) Percentage of basin 
area (%) 
Agricultural Land-Close-grown 7410 19.27 
Agricultural Land-Row Crops 7414 19.28 
Agricultural Land-Generic 6668 17.34 
Forest-Evergreen 138 0.36 
Forest-Deciduous 3896 10.13 
Forest-Mixed 1527 3.97 
Range-Grasses 7737 20.12 
Wetland 4 0.01 
Residential-Medium Density 23 0.06 
Range-Brush 2134 5.55 
Water 1507 3.92 
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HRU classification for small areas. Land-uses, soils or slope classes which have 
less than the threshold are ignored in the HRU classification. The threshold value 
defines the amount of detail required. For this study, the aim was to predict the 
impact of climate and land-use changes on the sediment generation, and therefore 
it was appropriate to obtain the maximum detail of land-use classes at a sub-basin 
level. Hence, no threshold values were assigned for the land-use, soil classes or 
slope in order to encompass maximum spatial details. The whole basin was 
divided into 174 HRUs based on land-use, soil and slope categories. 
4.3.7 Importing climate data 
SWAT calculates moisture and energy, which control the water balance. The 
climatic variables used for the calculation were rainfall, temperature, relative 
humidity, wind speed and solar radiation. Daily rainfall data from 1990–2009 for 
Astore, Naran, Domel, Palandari, Mangla and Kotli were incorporated in the 
SWAT model, while daily maximum and minimum temperature data from 1990–
2009 for Naran, Domel, Palandari and Mangla were used. The weather generator 
in SWAT was used to fill data gaps, particularly solar radiation and wind, since 
the consistent daily record of sunshine hours and wind speed was not available. 
The parameterization of the weather generator was based on a 40 year (1970-
2009) monthly record from Domel station. 
4.4 Sensitivity analysis 
Sensitivity analysis was carried out for sub-basins 1, 5 and 6. The total number of 
25 SWAT parameters, which are important for hydrological and sediment 
modelling, was selected to analyse their relative sensitivity to the model result. 
Table 4.4 lists the 19 parameters that were the most sensible for the model result.  
Chapter 4 
84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The surface flow parameter, CN2, was the most sensitive parameter for all sub-
basins, since the SWAT uses the US Soil Conservation services approach (SCS 
curve number) methodologoy for flow calculations. For sub-basin 1, base flow 
parameters such as GWQMN and ALPHA_BF also showed high sensitivity 
similar to CN2. Also, the parameter SOL_AWC was sensitive for sub-basin 1. 
The high sensitivity of GWQMN and ALPHA_BF and SOL_AWC demonstrates 
that groundwater plays an important role in contributing flow for sub-basin 1. The 
slope parameter (SLOPE) shows high sensitivity for sub-basin 6, indicating that 
the sub-basin is characterized by variations in the topographic conditions. The 
range of final optimum parameters is shown in Table 4.5. 
 
Table 4.4: Sensitivity rank of the SWAT parameters for sub-basins 
Rank Parameter Symbol 
1 Soil moisture curve number CN2 
2 Threshold water level in shallow aquifer for base flow GWQMN 
3 Base flow recession flow ALPHA_BF 
4 Soil evaporation compensation factor ESCO 
5 Surface runoff lag coefficient SURLAG 
6 Deep aquifer percolation fraction RCHRG_DP 
7 Channel curve number CH_N2 
8 Slope of the channel SLOPE 
9 Maximum canopy storage CANMX 
10 Moist soil albedo SOL ALB 
11 Snow fall temperature SMTMP 
12 Snow pack temperature for lag factor TIMP 
13 Snow melt base temperature SMTMP 
14 Soil erodibility factor USLE_K 
15 Soil available water capacity SOL_AWC 
16 Support practice factor USLE_P 
17 Manning "n" for overland flow OV_N 
18 Maximum rooting depth of soil profile SOL Z 
19 Saturated hydraulic conductivity SOL_K 
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Parameter Description and 
unit 
Initial 
Range 
Final parameter value for outlet location 
Sub-basin 1 Sub-basin 5 Sub-basin 6 
CN2 SCS curve number 
for moisture 
condition II 
35-98 
 
 
44-90 
 
 
36-83 
 
45-84 
 
 
GWQMN Depth of water in 
shallow aquifer for 
base flow (mm) 
0-5000 11-475 
 
0 33-450 
ALPHA_BF Base flow alpha 
factor (days) 
0-1 0.02-1 0.1-0.80 0.43-1 
ESCO Soil evaporation 
compensation 
factor 
0-1 0-0.90 0-0.80 0.4-0.9 
RCHRG_DP Deep aquifer 
percolation 
fraction 
0-1 15-25 0.05 0.15 
SOL_Z Depth from soil 
surface to bottom 
layer (mm) 
0-3000 1200 1260-1625 1300 
SOL_AWC Available water 
capacity of the soil 
layer 
0-1 0.04-0.95 0.1-0.3 0.1-0.3 
GW_REVAP Groundwater 
revap coefficient 
0.02-
0.2 
0.04-0.19 0.02 0.18 
CH_N2 Channel 
Manning's 
coefficient 
0.01-
0.3 
0.024 0.024 0.016 
CH_K2 Effective hydraulic 
conductivity of the 
channel alluvium 
0-150 9 15 6.26 
4.5 Calibration and validation of the model for flows 
After the sensitivity analysis of the parameters, an initial model run was 
performed. The observed and simulated flows were compared for sub-basins 1, 5, 
and 6. Model calibration was done manually because it was easier than the auto-
calibration method to check the physical meaning of the parameter based on 
expert judgment before accepting the results. CN2 was 79 for sub-basin 5 and 92 
for sub-basin 6. The smallest value of CN2 78 was for sub-basin 1, which can be 
associated with soil properties such as high permeability or high percentage of 
sand in the soil. The high value of CN2 in sub-basin 6 may be due to intensive 
Table 4.5 Final parameter values of the sensitivity results 
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agriculture in that sub-basin and may also be associated with more clay in the soil 
with low infiltration rate. This could reduce the amount of infiltration and thus 
more surface runoff. The soil attributes of bulk density, soil available water 
capacity, hydraulic conductivity, texture (content of clay, silt, sand) and soil 
electric conductivity were extracted from global data sets and adjusted according 
to the local conditions without calibration. For example, Sol_AWC, the hydraulic 
conductivity was set to 0.09 for sub-basin 1 because of the high amount of fine 
grained (clay-loam) soils in this sub-basin, while for sub-basins 5 and 6 they were 
set to 0.015 and 0.05, respectively. 
The soil evaporation compensation factor, ESCO, controls the depth distribution 
of the soil water to meet the soil evaporation requirement. The evaporative 
demand not met by the soil layer will result in a reduction in actual 
evapotranspiration for the HRU (Neitsch and Arnold, 2005). At basin level, it was 
reduced from the SWAT default value of 0.95 to 0.75 to increase the amount of 
evapotranspiration that was very likely for semi-humid regions such as the 
Mangla basin.  
ALPHA_BF defines the groundwater contribution to the surface flow. A high 
value was obtained for sub-basin 1, showing that there is high groundwater 
contribution in this sub-basin. The Mangla basin is mostly a rainfed basin, 
however, there is significant contribution of snow melt for sub-basin 1. 
ALPHA_BF also reflects groundwater flow response to changes in recharge. It is 
directly related to the groundwater recession constant (days). Similarly GWQMN 
is related to base flow generation for the shallow aquifer. 
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The performance of the model was evaluated for upstream and downstream of the 
Mangla basin according to a statistical evaluation of the simulated results, 
graphical representation of hydrographs at different outlets of the basin, water 
balance of the whole basin and finally representation of sediment at different 
outlets and the main Mangla basin outlet. 
Firstly, the water balance of the whole basin was calculated from 1993–2002. The 
results show that the model simulated the annual water balance well with the 
observations, with an annual mean difference of only 17.76 mm, less than 1.5% 
(Table 4.6).  The slight difference in the water balance may be due to model error, 
but may be also associated with soil water. The evapotranspiration calculated by 
the model was about 51% of the annual rainfall. 
Water component Amount (mm) 
 
Observed Computed 
Precipitation 1356  
Evapotranspiration  693 
Surface runoff  475 
Lateral flow  7 
Ground water recharge  164 
Total 1356 1338 
 
In addition to the water balance, the model performance was evaluated with other 
statistical indices of coefficients of determination (R2) and the Nash Sutcliffe 
efficiency (ENS) as a measure of fitness of model prediction. The coefficient of 
determination (R2) is the square of the Pearson’s product-moment correlation 
coefficient. It means that there is a linear relationship between observed and 
predicted values, its value ranges from 0 to 1 describing the agreement of the 
observed and predicted values (Equation 4.1), while the Nash Sutcliffe efficiency 
Table 4.6 Annual water balance of the basin from 1993- 2002 
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was done by accumulating the daily modelled result to monthly values and 
comparing the accumulated monthly result to observed monthly data. The year 
1996 was selected for sub-basin 1 as the calibration period.  
The performance of the calibration is shown in Figure 4.6. The model simulates 
the flows very well. The Coefficient of determination (R2) for the simulated flows 
was 0.90 and the Nash Sutcliffe Coefficient (ENS) was 0.75.  
The model was validated by accumulating the daily simulated result to monthly 
values and compared with observed monthly flow of 1990–2009 for sub-basin 1 
(Figure 4.7). Validation was only performed on a monthly basis because the 
primary purpose of the model was to compute the sediment budget of the whole 
basin and the monthly time-step was already sufficient. The validation reveals that 
the model efficiently simulated the monthly flows for sub-basin 1 (upper Jhelum), 
although the early spring flows were not modelled as efficiently as the monsoon 
months, which may be due to the complexity of snow melt effect and the limited 
number of precipitation gauge stations at higher altitudes for model variables 
(Figure 4.8). For sub-basins 5 and 6, the results show that SWAT simulated flows 
very well, especially for monsoon months. The results are presented in Figure 4.9 
to Figure 4.12 and statistical indices are shown in Table 4.7. 
 
Sub-basins Coefficient of 
determination 
(R2) 
Nash Sutcliffe 
coefficient 
(ENS) 
Error in mean 
monthly flow 
(m3/s) 
Sub-basin 1 0.81 0.78 0.1 
Sub-basin 5 0.84 0.81 0.24 
Sub-basin 6 0.62 0.60 0.35 
 
Table 4.7: Statistics analysis for the validation period 
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Figure 4.6: Observed and calibrated discharge for sub-basin 1 for 1996 at 
accumulated monthly basis 
 
Figure 4.7: Comparison between observed and simulated flow at sub-basin 1 from 
from January 1990 to December 2009 on an accumulated monthly basis 
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Figure 4.8: Rating Curve between observed and simulated monthly flow for 
sub-basin 1 from January 1990 to December 2009 
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Figure 4.9: Comparison between observed and computed flows on an accumulated 
monthly basis for sub-basin 5 from January 1990–December 2009 
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Figure 4.10: Scatter plot between observed and simulated monthly flow 
for sub-basin 5 from January 1990–December 2009 
Figure 4.11: Observed and computed flows for sub-basin 6 with accumulated 
monthly rainfall from 1993–2004 
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4.6 Validation of the model for sediment 
There was no sediment discharge record available on either a daily or monthly 
basis. The only available record was on a yearly basis, although there were some 
fortnightly observations of the sediment along with the instantaneous flow data. In 
order to obtain monthly data for validation purposes, rating curves were 
developed from the instantaneous flows and instantaneous sediment for sub-
basins 1, 5 and 6. The results show that instantaneous flow was correlated well 
with suspended sediment for all sub-basins as shown in Figures 4.13, 4.14 and 
4.15.  A time series data of sediment was derived from daily flow data using these 
rating curves from 1990–2005. The sediment obtained from mean daily flows 
were verified by accumulating it on a yearly basis and comparing it with observed 
sediment data on a yearly basis published by the Surface Water Hydrology Project 
WAPDA Pakistan. The daily data were accumulated on a monthly basis for the 
validation of the SWAT model results.  
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Figure 4.12:  Scatter plot between observed and simulated monthly flow for 
sub-basin 6 from January 93–December 2002 
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Figure 4.13: Correlation between observed river discharge and calculated 
suspended sediment discharge for sub-basin 1 
Figure 4.14: Correlation between observed river discharge and calculated 
suspended sediment discharge for sub-basin 5 
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The sediment discharge simulated by the SWAT model was validated for sub-
basins 1, 5 and 6 with generated sediment load for these sub-basins with 
satisfactory results. The Model simulates the sediment very well for sub-basins 1 
and 5, but less so for sub-basin 6 (Figure 4.16 and Figure 4.17). The statistical 
performance of the model for sediment simulation was also evaluated. 
The results revealed that the model simulated sediment well for sub-basins 1 with 
an R2 value of 0.825 and ENS of 0.70. The R2 and ENS for sub-basins 5 are 0.64 and 
0.44, respectively, whereas for sub-basin 6 they are relatively low at 0.52 and 
0.39. 
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Figure 4.15: Correlation between observed river discharge and calculated 
suspended sediment discharge for sub-basin 6 
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Figure 4.16: Scatter plot between observation derived monthly sediment and 
modelled monthly sediment for sub-basin 1 
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Figure 4.17: Scatter plot between observation derived sediment and modelled 
monthly sediment for sub-basin 6 
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4.7 Reservoir life 
The Mangla basin of the Mangla Dam has an area of 38,434 km2, out of which 
Jhelum River is the main tributary, whereas the Neelum, Kunhar, Poonch and 
Kanshi Rivers are other tributaries that contribute flow and sediment to the 
Jhelum River (Figure 4.18). The sediment load is computed for the whole basin, 
i.e., sediment contribution from sub-basins 1, 2, 3, 4, 5 and 6.  To validate the 
sediment load computed by the model for the whole basin, it is necessary to 
determine the suspended sediment and bed load from the sediment measurement 
record or hydrological survey. The Water and Power Development Authority 
Pakistan (WAPDA) maintains the record of suspended sediment at Palote and 
Kotli. The record of sediment discharge was obtained from WAPDA from 1990 to 
2005. 
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To determine the total suspended sediment load at the outlet at the Mangla Dam, a 
linear relationship between sediment and area was used to estimate the sediment 
of the un-gauged area as shown in Equation 4.3. The linear relationship between 
sediment load and area can easily be used because the un-gauged area was very 
small as compared to total area.  
Figure 4.18: Layout of the Mangla basin 
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where 
SedimentMangla,  total sediment transported at the outlet of Manga from the whole 
basin (million tonnes); 
SedA. Pattan, sediment of the upper Jhelum basin up to Azad Pattan (million tonnes); 
SedPalote, sediment of the Palote basin up to Palote gauging station (million 
tonnes); 
SedKotli,sediment of the Kotli basin up to Kotli gauging station (million tonnes); 
SedKm, sediment of the basin per km2 
 
Un-gauged area is the basin area not covered by the gauged record (km2). 
The sediment load can be categorized as suspended sediment and bed load. 
Suspended sediment can be defined as sediment that moves with the flow in the 
river, whereas bed load is the rate of movement of sediment particles along the 
stream bed in the process of rolling, sliding and/or hopping (saltation). Generally 
the amount of bed load transport by a large deep river is about 5 to 25% of the 
suspended sediment (Simons and Şentürk, 1992). For the current study, 10% bed 
load of suspended sediment was assumed considering previous studies in the 
basin. The total sediment calculated from WAPDA record (1990 to 2005) is 
shown in Table 4.8. 
Using the SWAT model the sediment load was computed for the whole basin and 
showed very good resemblance compared to sediment from the WAPDA record 
based on Equation 4.3. This indicates that runoff is the driving force for 
ܵ݁݀݅݉݊݁ݐெ௔௡௚௟௔ ൌ ܵ݁݀஺.௉௔௧௧௔௡ ൅ ܵ݁݀௞௠ ൈ ܷ݊݃ܽݑ݃݁݀ ܽݎ݁ܽ ൅ ܵ݁݀௉௔௟௢௧௘ ൅ ܵ݁݀௞௠ 	ൈ		 	ܷ݊݃ܽݑ݃݁݀	ܽݎ݁ܽ ൅ ܵ݁݀௄௢௧௟௜ ൅ ܵ݁݀௞௠ ൈ ܷ݊݃ܽݑ݃݁݀ܽݎ݁ܽ  
4.3 
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sub-basins, the model in general predicts the sediment well. However, the model 
was unable to simulate the sediment for years that had high flooding, such as 1992 
as shown in Figure 4.19. Therefore a separate analysis (impact of extreme event 
for sediment load) was carried out to compare the load of a high flood event and is 
explained in Table 4.9 below. 
 
Year Total sediment yield  (million tonnes) Year 
Total sediment yield 
(million tonnes) 
1990 135 1998 107 
1991 171 1999 34 
1992 288 2000 21 
1993 166 2001 8 
1994 163 2002 29 
1995 198 2003 26 
1996 183 2004 24 
1997 66 2005 35 
The monthly distribution of sediment was estimated using SWAT from 1990 to 
2000. The average seasonal magnitude varied from approximately 80% from 
March to September and 20% from October to February (Figure 4.20). The 
sediment deposition starts in late March and peaks in September.  The minimum 
sediment was observed in November or December. The large drop in sediment in 
the winter season was attributed to low flow in the rivers. Jhelum River is the 
rainfed river, contributing sediment mainly in the monsoon months. Neelum and 
Kunhar tributaries, on the other hand, are influenced by snow melt that also 
produces maximum flows in the early spring and consequently most of the 
sediment is produced starting from early spring.  The year 1992 shows the 
maximum amount of sediment simulated and the year 1999 had the minimum 
Table 4.9: Total sediment yield at the Mangla Dam outlet 
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sediment simulated. Figure 4.21 presents the long-term monthly mean distribution 
of the sediment in the Mangla Reservoir. 
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Figure4.19: Observed and computed annual sediment load for the Mangla 
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Figure 4.20: Sediment load deposition in the Mangla Reservoir for two seasons 
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4.8 Correlation between sediment and extreme events 
Pakistan experienced an extremely high rainfall in July 2010, resulting in one of 
the most devastating flooding which affected one third of the country’s surface 
area (Figure 4.22) The  flood caused devastation in terms of lives lost as well as 
infrastructure damage  and more than 2.5 million people were affected directly or 
indirectly (BBC, 2010).  July and August of 2010 were the hottest months on 
record for Pakistan (NOAA, 2010), causing high runoff from the snow and glacier 
melt, whereas above average monsoon rainfall aggravated the flooding as the 
rivers already filled to their full capacity.  
The Mangla basin is located in arid to semi-arid zones characterized by monsoon 
rainfall with two discrete rainfall patterns (details in Chapter 3). The intensity of 
monsoon rainfall evenst is sometimes very high and most of the sediment is 
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Figure 4.21: Mean monthly sediment load deposition for the Mangla Reservoir 
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produced by these events. Extreme rainfall events play an important role in 
sediment deposition, and can produce debris flows, mass movement and 
sometimes slope failure (Cheng et al., 2005; Crosta and Frattini, 2008), hence 
generating much higher sediment than normal rainfall events. Therefore it is 
essential to analyse the impact of extreme events on sediments and to include it as 
a component of the integrated model. Due to the limitation of the data availability, 
the impact of extreme rainfall on sediments was analysed in two steps. Firstly, the 
annual rainfall of the six gauging stations and total sediment at the Mangla Dam 
outlet was analysed from 1990 to 2005, and secondly, the relationship between 
extreme event and sediment generation was analysed through a single extreme 
event.  
The annual rainfall data (1990 to 2004) of Domel, Bagh, Naran, Palandari, Kotli 
and Mangla, and their average rainfall is shown in Figure 4.23. The annual rainfall 
and annual sediment of the 15 years are divided into groups of three years (Figure 
4.24). As shown in Figure 4.24, the combined rainfall of the Mangla basin and 
sediment amount relates very well, with a linear coefficient of 0.86. Butt et al. 
(2011) found a correlation coefficient (R2) of 0.94 for combined rainfall and 
sediment deposited at the Mangla Dam outlet. In their study, the annual rainfall 
data used was from Chillas, Garidupata, Jhelum, Kakul, Kotli, Murree, 
Muzzafarabad and Skardu for 1967 to 2005. Most of these gauging stations lie 
outside of the Mangla basin, except Garidupata, Kotli and Muzzafarabad. It is 
apparent that the Mangla basin sediment is strongly linked with total rainfall of 
the basin e.g., maximum sediment (441 million tonnes) was deposited from 1990 
to 1992 when rainfall was at its maximum (25,623 mm). 
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Figure 4.22: Flood affected area map of Pakistan in 2010 and the track of flood 
wave along the Indus river (Sources: USAID & Pakistan Meteorological 
Department) 
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Due to the limitation of the data availability, the extreme event analysis was done 
based on a single heaviest rainfall event in the Jhelum River basin to assess its 
impact on sediment deposition using the Domel gauging station data. Domel is the 
confluence of Jhelum River and Neelum River. The flow was recorded for Jhelum 
at this junction, facilitating analysis of the Jhelum River itself. For the period of 
1980 to 2005, the maximum 24 hour rainfall of 294 mm was recorded on 
September 9, 1992 at Domel (Figure 4.25). The maximum daily flow was 1,936 
m3/s on the same day. 
 
 Extreme event analysis was carried out by applying the General Extreme Value 
(GEV) distribution for annual maximum daily rainfall data from 1980 to 2005. It 
focused on a block maximum value over an entire year. This frequency 
distribution is very flexible for specifying the centre of the distribution, size of the 
deviation, and shape parameter of the distribution governing how rapidly the 
upper tail decays (Katz, 2010).  The results show that extreme high rainfall is 
about 317 mm for a 100 year return period (Figure 4.26).  
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Figure 4.25: Annual maximum 24 hour rainfall at Domel 
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The daily time series of rainfall and flow data at Domel gauging station for the 
year 1992 is shown in Figure 4.27. The rainstorm of September, 1992 resulted in 
the most severe flood in the Jhelum River. The mass curve for the rainstorm is 
presented in Figure 4.28 which clearly shows that the duration of the extreme 
rainstorm remained for more than 24 hours. 
 
Figure 4.26: Plot of GEV distribution for Domel annual maximum daily 
rainfall from 1980–2005 
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Figure 4.27: Observed daily flow and daily rainfall at Domel gauging station 
for the year 1992 
Figure 4.28: Mass curve of the rainfall for the extreme rainstorm of 1992 
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The model-computed sediment consists of five sets of 6 hours with respect to 
rainfall and flow. The amount of sediment load shows similar trends to the flow. 
The computed sediment load using the long-term sediment and flow rating curve 
is 0.005 million tonnes at the start of the event, increasing with flow and peaking 
at 0.63 million tonnes to gradually decline to 0.04 million tonnes at the end of the 
event (Figure 4.29).  This indicates that an extreme event can increase sediment 
load 0.63 million tonnes in less than 48 hours and the influence of the extreme 
event remains for almost 100 hours. 
4.9 Conclusion 
In this chapter, the hydrological model SWAT was applied to the study area. The 
computation was done on an HRU basis for the whole basin, although results are 
shown for individual sub-basins. 
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Figure 4.29: Comparison of flow and sediment for the extreme event 
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The runoff of the whole basin was calculated to verify the water balance of the 
study area. Flow and sedimentation load was computed from various sub-basins 
on a monthly basis as shown in section 4.5 and 4.6. For the monthly river flow, 
model validation gave an R2value of 0.85, 0.88 and 0.60 for sub-basins 1, 5 and 6, 
respectively. For the sediment load, R2values for the validation period were 0.82, 
0.64 and 0.52 for sub-basins 1, 5 and 6, respectively. Sediment load for the 
Mangla Dam outlet was calculated using a flow rating curve for the gauging 
stations representing the Mangla basin on an annual basis. Sediment load was also 
calculated to verify sediment computed by the SWAT model.  
The impact of an extreme event on sediment load was analysed using a statistical 
approach. A unit hydrograph was constructed for the extreme rainfall event of 
1992 and its impact on the sediment load generation was analysed based on 
computed sediment load. The general extreme value (GEV) distribution was 
adopted to simulate the annual maximum daily rainfall. The results reveal that 
there is strong correlation between extreme rainfall events and sediment load for 
the Mangla basin. The next two chapters (Chapters 5 and 6) will discuss how the 
climate change component and land-use component were developed.  
 
 CHAPTER FIVE 
CLIMATE CHANGE SCENARIO DEVELOPMENT 
 
The reservoir sedimentation is a dynamic process that is influenced by continuous 
climate and land-use conditions. Human-induced climate change is also a 
dynamic process that is controlled by the socio-economic development of human 
society. To study climate change impacts on sedimentation requires transient 
climate data that can represent the dynamics of future climate change. This 
chapter focuses on a method of statistical bias correction (BC) that applies an 
equal distance-based quantile-to-quantile mapping method to correct the GCM 
daily precipitation and temperature data based on observed daily precipitation and 
temperature data in order to generate transient climate change scenarios for the 
study area.  
The three GCMs used in this study were obtained from the new IPCC AR5 
CMIP5 database (Table 5.1). Only the GCM experiments driven by IPCC A2 
emission scenario for the 21st century were available when this part of the 
research was carried out. The IPCC A2 scenario is based on a heterogeneous 
world with continuously increasing population and a technologically fragmented 
economic development, which represents one of the highest emission scenarios 
(but not the highest).  A GCM under IPCC A2 scenario normally generates a 
larger than average future climate change condition. 
5.1 Statistical bias correction methods 
The reservoir sedimentation is a dynamic process that is influenced by continuous 
climate and land-use conditions. Human-induced climate change is also a 
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dynamic process that is controlled by the socio-economic development of human 
society. To study climate change impacts on sedimentation requires transient 
climate data that can represent the dynamics of future climate change. This 
chapter focuses on a method of statistical bias correction (BC) that applies an 
equal distance-based quantile-to-quantile mapping method to correct the GCM 
daily precipitation and temperature data based on observed daily precipitation and 
temperature data in order to generate transient climate change scenarios for the 
study area.  
 
The three GCMs used in this study were obtained from the new IPCC AR5 
CMIP5 database (Table 5.1). Only the GCM experiments driven by IPCC A2 
emission scenario for the 21st century were available when this part of the 
research was carried out. The IPCC A2 scenario is based on a heterogeneous 
world with continuously increasing population and a technologically fragmented 
economic development, which represents one of the highest emission scenarios 
Table 5.1: The three GCMs from the CMIP5 database 
 
Model Model 
Name 
Institute Country Resolution 
(Lat×Long) 
CSM NCAR CSM National Centre for 
Atmospheric 
Research 
USA 2.82 o  × 2.82 o 
CanESM2 Canadian 
Earth 
System 
Model 
Canadian Centre 
for Climate 
Modelling and 
Analysis 
Canada      2.82 o ×  2.82 o 
NorESM Norwegian 
Earth 
System 
Model 
Bjerknes Centre for 
Climate Research 
Norway 2 o ×  2 o 
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(but not the highest).  A GCM under IPCC A2 scenario normally generates a 
larger than average future climate change condition. 
5.2 Statistical bias correction methods 
The basic procedure of bias correction is to develop a statistical relationship or 
transfer function between the GCM outputs and historical observed values and 
then apply the transfer function to GCM future projections in order to eliminate 
the possible systematic errors in GCM outputs (Ines and Hansen, 2006; Piani et 
al., 2010). It has been widely applied in downscaled GCM outputs. Currently, 
almost all BC methods are applicable to only a single downscaled time series 
versus a single observed time series. One of the simple bias correction methods is 
pattern scaling (Santer et al., 1990). Various pattern scaling techniques have been 
used in climate change scenario constructions (Hanssen-Bauer et al., 2003; Diaz-
Nieto and Wilby, 2005; Widmann et al., 2010). For the simplest pattern scaling 
method, a rescaling (multiplicative) factor during the baseline period was 
calculated to correct the bias of the mean monthly GCM rainfall. This was done as 
follows: 
 
 
5.1 
 
Where  and  refer to the GCM and corrected rainfall on day i, and  and 
 is the long-term monthly mean rainfall from the GCM and observations for 
a given month. It is clear that the sole objective of the scaling procedure is to 
adjust rainfall amount in order to reproduce the long-term mean observed rainfall 
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for a specific month, without any operation to correct the systematic error in 
frequency or intensity distribution (Ines and Hansen, 2006).  
Another bias corrected method is called rescaling or quantile-based mapping 
cumulative distribution function (CDF matching) (Panofsky and Brier, 1968; Law 
and Kelton, 1982). The typical procedure is to map the distribution of GCM daily 
data, i.e., the CDF of daily rainfall or temperature in a specific month onto that of 
observed data. The corrected GCM data on day i during the baseline period can 
be derived as 
 
  5.2 
 
where F(•) and F-1(•) denote the CDF of either the observations (obs) or GCM  
results (sim) and its inverse during the baseline period. To bias-correct GCM 
values for a future period, the method needs firstly to find the corresponding 
percentile values for these future values on the CDF of the GCM values during the 
baseline period and then search for the observed values on the CDF of the 
observations at the same percentile locations.  Thus, the original GCM results are 
replaced by those values found on the CDF of the observations.  
'x
='ix ))(( _
1
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Because this BC procedure is based on CDF and replacement, it is hereafter 
termed CDFP.  Figure 5.1 (A) illustrates how this worked. 
The above BC method has been successfully used in hydrologic and crop 
simulations as well as many other climate impact studies (Ines and Hansen, 2006; 
Cayan et al., 2008; Piani et al., 2010). The significant characteristics of the 
method is that it adjusts all moments (i.e., the entire distribution matches that of 
the observations for the baseline period), while maintaining the rank correlation 
between the GCM results and observations. However, the method was based on 
an important assumption; namely, the precipitation and temperature distributions 
do not change over time. In other words, the future climate will still follow the 
same statistical characteristics of the observed (e.g., the variance and skew) during 
Figure 5.1: Scheme of bias correction methods of (A) CDFP and (B) EDCDF 
(modified after Li et al., 2011) 
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the baseline period and only the mean will change. However, some studies have 
shown that, at least for precipitation, climate characteristics would change over 
time (Meehl et al., 2007; Benestad et al., 2008; Milly et al., 2008).  
In view of these facts, an equal distance-based CDF mapping method (EDCDF) 
was proposed to correct the GCM daily precipitation and temperature. This 
method was different from the above traditional method in that the information 
from the CDF of the GCM was also incorporated into the BC procedure. For a 
given percentile, it was assumed that the difference between the GCM and 
observed value during the baseline period also applies to the future period. Thus, 
the corrected GCM data on day i for the future period can be calculated as 
=  5.3 
where F(•) and F-1(•) denote the CDF of either the observations (obs) or GCM  
results (sim) and its inverse during the baseline period (_B) and future period (_F). 
Figure 5.1(B) illustrates how this BC procedure performed. As can be seen from 
the figure, the difference between the GCM and observed values during the 
baseline period at each percentile was considered as the systematic error to be 
superimposed upon the CDF of the GCM values at the corresponding percentile 
during the future period. This was the reason why the method was termed the 
equidistant CDF matching method. Compared with CDFP, the difference between 
the CDFs for the future and baseline periods was also taken into account in 
EDCDF. However, the two methods will generate an identical BC result if the 
distribution for the future climate is the same as that for the baseline period. 
Moreover, if the changes in variability are small, results from both methods will 
be close to each other. 
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The above two BC methods are all based on CDF and rely on the statistical 
relationships between the two CDFs (observed, GCM baseline period) to correct 
the third one (GCM result for the future period). Indeed, the differences between 
the GCM results of the future and baseline period could also be superimposed 
onto the observed CDF to construct new projections. The above two methods 
involved the operation of taking the inverse of the CDFs. In practice, the CDFs 
can be either empirical (i.e., sorted arrays of observations) or fitted to some 
theoretical distribution such as the gamma distribution (Ines and Hansen, 2006; 
Piani et al., 2010), Log-Logistic (e.g, Shoukri et al., 1988) or exponential 
distribution (Madi and Raqab, 2007). However, a single theoretical distribution 
does not always work well for regions with very complicated climate types and 
orographic features such as the case study area (Vlcek and Huth, 2009). 
Moreover, fitting a distribution often needs long-term observed precipitation data. 
For simplicity, only the empirical distribution was considered in order to represent 
observed and GCM precipitation intensities. The EDCDF method was used in 
generating the climate scenarios for this study. 
5.3 Bias correction of precipitation 
Unlike temperature, the daily precipitation event is intermittent in nature, 
especially for arid and semi-arid regions. Hence, to separate daily precipitation 
into frequency (fraction of precipitation days, or wet days) and intensity (rainfall 
per wet day) in modelling allows for a more accurate precipitation simulation. 
Correcting the bias of the two rainfall components will also correct the monthly 
total rainfall itself. A two-step BC procedure is therefore proposed to 
simultaneously adjust the two components of GCM rainfall to make it 
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approximate the long-term observed distribution for each gauge station in the 
study area as shown in Figure 5.2.  
To perform a bias corrected operation, the observed precipitation was firstly 
truncated using a threshold value of 0.1mm ( ) to obtain an ideal frequency 
distribution. Then the GCM daily precipitation during the baseline period was 
fitted into an empirical frequency distribution. By finding a threshold , this 
distribution was truncated so as to ensure that its frequency above the threshold 
would approximate the observed precipitation frequency (Ines and Hansen, 2006). 
The threshold was calculated from the empirical observed and GCM 
cumulative precipitation distribution as, 
   5.4 
 
where F(•) and F-1(•)  denote a cumulative distribution function (CDF) and its 
inverse,  represents the truncated observed time series at a threshold  , 
and the subscripts of sim and obs indicate GCM or observed daily precipitation, 
while the _B indicates the baseline period. Moreover, this threshold  was also 
used to truncate the GCM precipitation during the future period. 
The above correction procedure was only applicable when the precipitation 
frequency was overestimated, which is common for the GCM-based precipitation 
(Dai, 2006; Ines and Hansen, 2006). If frequency was underestimated, the 
frequency was not corrected or was offset by adding some artificial precipitation 
events. Ines & Hansen (2006) suggested that only drizzles (0.1 mm rainfall) 
should be used, but they pointed out that such a procedure might distort the 
corrected frequency distribution. Therefore, in this study, precipitation events 
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were randomly selected from the historical data and to offset the frequency deficit. 
Moreover, the corrected percentage of the frequency deficit between GCM data 
during the baseline period and observed data was used to correct the GCM 
precipitation frequency for the future period. 
 
After correcting precipitation frequency, the intensity distribution of the truncated 
GCM daily precipitation could be further adjusted by the equal distance-based 
CDF mapping method (EDCDF). An adjustment of Equation 5.5 was used and 
given in the following equation. 
  
5.5 
 
In practice, an iteration process is necessary for the BC process. Generally, five 
iteration steps were sufficient. 
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Figure 5.2: Threshold to truncate the CDF of the original GCM daily 
precipitation (dashed line). The  for the GCM data, having the same CDF 
value as the truncated observed data at x=0.1(thick line) 
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5.4 Data and result 
To match the GCM simulations for present-day climate, only the period from 
1980–2004 for rainfall and 1990–2004 for temperature were used, which are 
termed the baseline period. The precipitation time series were from three GCMs 
i.e. CSM, CNRM, CanESM2 and NorESM. Future projections of rainfall and 
temperature (maximum and minimum) were calculated to the year 2098 under the 
SRES A2 Scenario.  
The bias correction (BC) procedure was performed on a daily basis, and all 
evaluations were carried out on a daily basis. Based on the observed probability 
distribution functions (PDFs), the performance of the BC method was evaluated 
for the first two moments of the PDFs: the mean (SDII) and the standard deviation 
(ppSD). The corrected SDII for daily rainfall and maximum and minimum 
temperature were very accurate. In terms of rainfall intensity, Figure 5.3 shows 
the observed and bias corrected mean rainfall for wet days (1980-2004). The bias 
corrected results of all GCM’s showed very similar patterns for mean rainfall. The 
total number of wet days of GCMs after the bias corrected procedure fits very 
well with observation as shown in Figure 5.4. The bias corrected procedure must 
have had an impact on the second moment of the PDF daily rainfall- ppSD. These 
effects on a daily basis are shown in Figure 5.5. All the bias corrected ppSDs 
approximated the observed ppSD no matter where they were in the distribution. 
Each point in the figure corresponds to a single gauging station for a specific 
GCM, with the X-axis representing the observed value and the Y-axis, the bias 
correct one. All three GCMs showed similar results with NorESM slightly better 
than the other two. As shown in these figures, errors are almost negligible and 
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there was no bias toward either high or low values, including at the tails of the 
distribution (large or small observed values).  
 
The daily temperature (maximum and minimum) for five gauging stations Bagh, 
Kotli, Naran, Palandari and Mangla are also bias corrected for GCM’s. The results 
of the temperature data reveal that the BC procedure corrected the GCM’s data 
very well. The results are evaluated on the first two moments of the PDF: the 
mean (SDII) and standard deviation (ppSD). Figure 5.6 and 5.7 presents the mean 
maximum and mean minimum temperature on a daily basis from 1990–2004 and 
Figure 5.8 and 5.9 shows the scatter plots of standard deviation (ppSD) for 
observed and bias corrected maximum and minimum temperatures, respectively. 
Good results were found for minimum and maximum temperature data, although 
NorESM bias corrected data for minimum temperature showed little variation in 
standard deviation values. 
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Figure:5.3 Mean daily rainfall of wet days for observed BC data of various 
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Figure 5.4: Total wet days from 1980–2004 for observed and BC data of 
various GCMs 
 
Figure 5.5: Scatter plot of observed versus Bias Corrected standard deviations 
(ppSD) from 1980–2004 
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Figure 5.6: Scatter plot of observed versus Bias corrected mean daily maximum 
temperature (oC) for various GCMs from 1990–2004 
 
Figure 5.7: Scatter plot of observed versus Bias corrected mean daily minimum 
temperature (oC) for various GCMs from 1990–2004 
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Figure 5.8: Scatter plot of observed versus Bias Corrected standard deviations 
(ppSD) of maximum daily temperature from 1990 –2004 
 
Figure 5.9: Scatter plot of observed versus Bias Corrected standard deviations 
(ppSD) of minimum daily temperature from 1990–2004 
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In addition to statistical indices, the performance of the bias corrected rainfall data 
was evaluated by hydrograph analysis. The SWAT model was run using these 
original rainfall data, bias corrected rain and GCM rainfall and keeping all the 
other parameters the same for baseline analysis. The results reveal that bias 
corrected rainfall predicted the flows very well, whereas the GCM rainfall was not 
able to simulate observed flow. The bias corrected rainfall picked all the high and 
low flows throughout the baseline period and the shape of the hydrograph was 
very similar compared to observed flows, whereas the GCM data under-predicted 
the flow for all seasons. The statistical indices for bias corrected rainfall and GCM 
rainfall for NorESM climate scenario is shown in Table 5.2. 
5.5 Conclusions 
The climate change scenarios have been constructed as a part of the development 
of an integrated model. Three sets of GCM simulations driven by a high emission 
scenario (SRES A2) were selected for the current study: NorESM, CSM and 
Table 5.2: Statistical indices for flow using observed, bias corrected and GCM 
rainfall data from 1990–2004 
Simulated flow 
Rainfall type used to simulate flow 
Observed 
Bias 
Correction 
Global 
Circulation 
Model 
Mean flow (m3/s) 307 281 36 
Maximum flow (m3/s) 963 996 355 
Minimum flow (m3/s) 35 10 7 
Standard deviation 258 249 50 
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CanESM2. The transient time series data of rainfall and temperature (max, min) 
was generated from 2011–2098 for various gauging stations in the Mangla basin. 
The GCM’s data for rainfall and temperature was corrected using bias corrected 
procedure.  The output results were evaluated using the first two moments of the 
PDF: the mean (SDII) and standard deviation (ppSD) both for rainfall and 
temperature. The results indicate that BC rainfall and temperature data show very 
good agreement with observed data. In addition to these statistical tests, bias 
corrected rainfall and GCM rainfall data were also evaluated on a hydrological 
basis. The comparison of a hydrograph was made using these rainfall data 
(observed, BC and GCM) in the Mangla basin. The results show that BC rainfall 
data present almost the same shape of hydrograph compared to observed rainfall, 
whereas the GCM was unable to predict low or high flows. 
 
 CHAPTER SIX 
LAND-USE SCENARIO BUILDING 
 
6.1 Land-use component 
For over a decade, understanding what causes changes in land-use and how to 
model these changes has become a very important scientific topic (Irwin and 
Geoghegan, 2001). It is believed that human-induced land-use changes can 
significantly influence regional and local climate (Pielke Sr et al., 2002). At a 
basin scale the changes can alter hydrological systems that may threaten water 
resources or cause more frequent floods. 
There are many causes of changes in land-use or land cover. They may be 
classified as the i) proximate causes and ii) underlying causes (Geist and Lambin, 
2001). The proximate causes are those directly affecting land cover. For example, 
shifting cultivation that leads to deforestation. In terms of scale, the proximate 
causes work locally. The underlying causes are the fundamental forces that drive 
the proximate causes from a higher hierarchy and are normally associated with 
socio economic factors such as population, household income, government 
policies, etc. (Turner II and Ross, 1993; Wood and Porro, 2002). The underlying 
causes can work at all scales from local, regional to national. Hence, the land-use 
changes are scale-dependent. Land-use change derived from biophysical factors 
such as environmental changes and climate change plays an important role in 
shaping landscape at a large regional scale, while slope, elevation, soil fertility, 
etc. are more important factors for land-use change on a more local scale (Jha et 
al., 2011). 
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There are many methods for modelling land-use, which have been developed 
based on various approaches such as remote sensing for monitoring as well as 
inventories (Kaufmann and Seto, 2001; Gross et al., 2006), probability models 
(Geoghegan et al., 1997), multiple regression models (Lin et al., 2011), and 
economic approach models (Anselin and Bera, 1998; Pinkse and Slade, 2010; 
Brady and Irwin, 2011). An early review was done by Lambin (1997) and the 
methods were classified based on the methodologies of how land-use changes 
may occur in the future, and what factors influence these changes. Irwin et al. 
(2001) also provided a review on land-use models, particularly spatially explicit 
models. 
6.2 Selecting and adapting the appropriate method/model 
Ideally, a land-use model for an integrated assessment should generate spatial 
land-use change scenarios at any time in the future, i.e. can answer questions of 
when and where the land-use change is likely to happen in the future. In addition, 
the model needs to be able to accommodate various policy interferences so that the 
impacts of such policy interference can be directly reflected in the land-use pattern. 
Therefore, policy-relevant driving factors or the underlying causes of the changes 
can be assessed. Based on these requirements, the dynamic spatial simulation 
model would be the ideal candidate for this study. The spatial system model 
employs general systems theory (Von Bertalanffy, 1968) and system modelling 
techniques (Odum, 1983) to identify the major components (stocks) and their 
relations (flows) for a land-use change system (Huang et al., 2007). It has been 
used in a variety of land-use applications with different scales, foci and locations 
(Santoso, 2003; Lonergan, 2005). This method is spatially explicit and can be 
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implemented through GIS software that includes neighbourhood connectivity 
functions or user-defined filters for convolution operation. During the modelling 
process, the neighbourhood cells are given certain values according to the degree 
of their influence on the cell in the centre when this central cell is transforming 
from one state to another. The assigned values are dependent on their states and 
distances from the centre. The resulting value from the neighbourhood cells will 
determine the new state of the nearby cell. However, the dynamic spatial 
simulation model requires a large amount of data and is highly computational 
demanding, making it inappropriate for this study. The Mangla basin is located in a 
trans-boundary region between Pakistan and India. It is a conflict area with loose 
boundary demarcation, hence is very difficult to collect the required spatial data. 
Data collected by authorities are normally confidential by nature and not available 
for public use. However, some spatial data were obtained from the Planning and 
Development Department, Muzzafarabad, for the Pakistan region. Considering the 
data availability, spatial information of the area and the purpose of the study, a 
land-use model was built using map algebra techniques.  
What the proposed integrated model requires from the land-use components are 
scenarios that can be linked easily to the hydrological components. The model 
using map algebra has an advantage of directly processing the generated land-use 
patterns and displaying the output in the form of spatial distributions as required by 
the hydrological component, based on given underlying causes and proximate 
causes for land-use changes. 
In this study, the underlying causes and the proximate causes are pre-selected to 
run the model. They are chosen with the aim of conducting sensitivity analysis 
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of the impacts of land-use changes on stream flows and reservoir sedimentation. 
This work does not intend to produce accurate or even practical future land-use 
scenarios but rather to analyse the changes of land-use under various driving 
causes or human interventions and the impact on sediment load generation. 
6.3 How the scenarios are generated 
The map algebra method has been successfully used for modelling land-use 
changes by many researchers (e.g., Youssef et al., 2010; Shirabe, 2012). The map 
algebra technique was firstly used by Tomlin & Berry (1979). It has the ability to 
develop a spatial system model and analyse complex land-use change systems. 
Huang et al. (2007) used this technique to analyse land-use changes for the Taipei 
metropolitan region in Taiwan.   
Map algebra organizes and processes spatial data from different layers and 
produces an output layer based on specific criteria. It is widely used for analysing 
and synthesizing digital cartographic data. Map algebra decomposes the layers 
into fundamental components so that recombination of these components 
generates a wide range of flexibility. It defines the input layers by numeric values 
so that unequivocal mathematical operations can be created. The map algebra 
mathematical operations can be categorized into three classes: i) local, ii) focal 
and iii) zonal. In the local function, a new value is attributed to each location 
specified in the layer, whereas focal function assigns a new value as a function of 
all locations in the neighbourhood, and zonal assigns new values within a zone 
specified in the layer (Tomlin, 1994). 
In this study, a simple spatial model was built on map algebra rules for the 
transition being defined with simple spatial analysis. Before constructing the 
Chapter 6 
131 
transition rules, there was a need to analyze the behaviour of land-use change, 
its distribution, and the possible driving factors of the change.  
6.4 Behaviours of land-use change in the study area 
Information about the characteristics and behavior of land-use changes is 
necessary for defining transition rules. It is also useful for assigning values to cells 
that may be influenced by changes in nearby cells. 
A general hierarchical transition of land-uses in Himalaya has been reviewed by 
(Schickhoff, 1995). According to his finding, the forest cover of the Kaghan 
valley (lies in the Mangla basin) has decreased markedly (45%) since the 19th 
century. He argued that socio-economic conditions played the most important role 
in the dynamics of the land-use transformation.  
A general transition hierarchy of land-use in Pakistan shows a pattern of land-
use transition from rural to urban conditions. The urban area is at the top of 
the hierarchy. Inside the urban area, the open space can change to settlement, 
constructions and industries; in the area surrounding the urban area, 
agriculture can change to settlements; and in rural areas forest or rangeland 
can change to agriculture. In the next section, the pattern of future land-use 
transition for the Mangla basin is analysed on the basis of socio-economic 
conditions with available data from the Mangla basin lying inside Pakistan.  
6.5 Socio-economic analysis 
The main sources of income of the people are services, small businesses, rental 
income from properties in Mirpur and Islamabad and remittances from the UK 
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and other countries. People prefer government jobs, currently Kashmiri muhajir 
families mainly from Bagh and Bhimber districts, belong to the service group. 
People who have settled abroad have the maximum proportion of their income 
from rental of their properties located in Mirpur, Jhelum, Islamabad, Rawalpindi 
and Dina. There is not much interest in investment in industry or other 
commercial development projects. Nevertheless, small-scale investments in 
Mirpur city have been being made in small businesses. The spatial distribution of 
human population in the Mangla basin was analysed using global population data 
(Gridded population of the World, version 2, (CIESIN) as shown in Figure 6.1. 
Mostof the  area of the basin has less than 5000 people per km2. There are only a 
few dense points of population in the basin: Srinagr, Muzzafarabad, Kotli and 
Mirpur, where average population is about 15000 people per km2. 
From 1981 to 1997 population growth rate was 2.4%, whereas the growth for the 
year 2007 is about 2.41% with a total population of 2972500 for Pakistan 
Kashmir. The most populated areas are Muzzafarabad (21.5%) and Kotli (19.5%).  
The number of households in the same period (1981-1997) increased with an 
average annual growth rate of 7.69% for the Kashmir valley, whereas 48% of the 
people migrated from rural to semi-urban or urban areas from 1981 to 1997 (AJK, 
1998). In comparison to the population growth, the number of households and 
urbanization grew very rapidly. 
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The increase in industrialization is one important underlying cause for the rapid 
expansion of urbanization. The total number of industry units in 1998 was 867 
in Kashmir with poultry and woodwork being the two major industries with 
552 and 255 units, respectively (AJK, 1998), increasing to 1,465 industry 
units in 2007 (AJK, 2007). The increase in population is also significantly 
related to the increase of conversion of forest to agricultural land. The growth in 
agricultural crop area has been about 0.59% annually from 1990 to 1998 (AJK, 
1998) and accelerated to 1.34% for 1998 to 2007 (AJK, 2007).  Khan (2009) 
assessed the linkages between poverty and deforestation in the Swat valley which 
Figure 6.1: Spatial population distribution in the Mangla basin (people/km2) 
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is situated in the Northwest of Pakistan. According to his finding, forest cover has 
shrunk since 1969 along with an increase of 27% in agriculture land.  
From this statistical information of the study area, the literature review 
regarding land-use change in Pakistan, and expert knowledge based upon field 
observations in October 2009 and March 2011, the information of the likely 
transition from one land-use type to another type is summarized as follow: 
• The forest area shrinkage is due to an increase in agriculture area 
• The increase in agriculture area is due to an increase in population size 
• The increase in urban area is affected by the number of industries and 
schools. 
It should be noted that there are no consistent criteria about land-use conversion 
hierarchy. It is also likely that agricultural area can be converted into 
settlement/industrial areas, or forest into settlement/industrial areas (Santoso, 
2003). 
6.6 Rules of transitional hierarchy in the study area 
A schematic hierarchy of land-use transition in the study area can be drawn from 
the above discussion and Figure 6.2. The purpose of this figure is to illustrate a 
simple transition rule for main land-use types. In reality, land-use transition from 
one type to another is much more complicated, and involves detailed transition 
rules between land-use types or even for one land-use type itself, such as 
evergreen forest, mixed forest to close row grown crops or generic agriculture, 
and transition from one agriculture type to another agriculture type. Land-use 
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conversion may not have a sequential order, but for the study area it has to follow 
the transition rule from a low state in the hierarchy to a higher state due to the 
socio-economic development needs. 
For the present study, forest was regarded as the lowest state in the land-use 
change hierarchy and settlement, the highest. It is very likely that forest can 
change to rangeland, agriculture and settlement, whereas the probability of 
settlement to forest or agriculture is very low unless it is forced by outside human 
interventions such as legislations or regulation by government. 
6.7 Influence of physical factors on land-use distribution 
Land-use is influenced by the land characteristics such as slope, elevation, and 
distance from the main road. In general the urban areas are located mostly on flat 
land. The slope for the urban area is between 0.1 to 1%. The average slopes for 
three agricultural classes AGRC, AGRR and AGRL is 3.14%, 9.80% and 7.75%, 
respectively. Most of the agriculture in the basin is located on flat lands with 46% 
of the agriculture land having a slope between 0 to 5%. However, there is about 
2% agricultural land that has a slope of 20% or above. The average slopes of the 
forest land and rangeland is 11% and 12%, respectively (Figure 6.3). 
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The urban area is distributed on relatively low elevations from 340 m to about 460 
m with a mean elevation of 400 m. Agriculture and rangeland are distributed over 
Figure 6.2: Land-use transition in the Mangla basin 
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Figure 6.3: Distribution of land-use types with respect to slope where URBAN, 
AGRC, AGRR, AGRL, FRSD, FRST, RNGE and RNGB are SWAT model land-
use types and represent urban land,  Agricultural Land-Close-grown, Agricultural 
Land-Row Crops, Agricultural Land-Generic, Forest-Evergreen, Forest-Deciduous, 
Forest-Mixed, Range-Grasses and Range-Brush 
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a wide range of elevations from 340 m to about 4000 m. The mean elevation of 
the various agricultural classes in the basin is about 1800 m, while mean elevation 
of the forest and rangeland is about 2250 m and 3500 m. Usually rangeland is 
located at high altitudes. The mean elevation of each land-use class and 
distribution of elevation between 0–1,000 m and more than 3,500 m is shown in 
Figure 6.4. 
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Figure 6.4: Distribution of land-use types with respect to elevation where URBAN, 
AGRC, AGRR, AGRL, FRSD, FRST, RNGE and RNGB are SWAT model land-
use types and represent urban land,  Agricultural Land-Close-grown, Agricultural 
Land-Row Crops, Agricultural Land-Generic, Forest-Evergreen, Forest-Deciduous, 
Forest-Mixed, Range-Grasses and Range-Brush. 
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Road network plays a vital role in shaping the land-use. When constructing the 
scenarios of land-use patterns, the road network information is required in order 
to develop realistic scenarios of land-use change patterns. In particular, urban 
areas prefer to be located adjacent to the main road. It is also preferable for some 
agricultural land to be located near roads for easy access to market. The main road 
is considered to have no influence in land-use distribution beyond a certain 
distance. Santoso (2003) found that beyond 3500 m, the main roads had no 
influence on the distribution of the land-use for his study area in Indonesia.  
Figure 6.5 shows the distribution of urban areas with respect to the distance from 
the main road. It shows that the majority of urban areas are located mostly very 
close to the main road (0–1000 m) with mean distance of 438 m, whereas 
agricultural land is distributed between 0 to 11000 m with the average distance of 
1458 m. More than 54% of agricultural land is located from 0 to 1000 m and only 
5.4% agricultural land lies above 4500 m away from main roads. Forests and 
rangeland locate far away from main roads with a mean distance of 2000 m and 
2347 m, respectively. Clearly, there is a preference for urban areas to be located 
in places that are easily accessible, indicating that increases in urbanization in the 
future are likely to take place near the main road provided that sufficient space is 
available. 
Chapter 6 
139 
 
 
6.8 Using GIS for generating land-use scenarios 
A GIS spatial model was used to construct the scenarios based on map algebra 
techniques. Firstly maps for land-use, slope, road and population density, and a 
digital elevation model were prepared for the study area. The population data were 
extracted from the global data set. The land-use and slope maps have already been 
discussed in section 3.3 Chapter 3, the digital elevation model of the study area is 
discussed in section 4.1.1 Chapter 4, and the population density map is discussed 
in section 6.5, Chapter 6. The road map of the study area was prepared using 
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Figure 6.5: Distribution of land-use types with respect to road distance where 
URBAN, AGRC, AGRR, AGRL, FRSD, FRST, RNGE and RNGB are SWAT model 
land-use types and represent urban land, Agricultural Land-Close-grown, Agricultural 
Land-Row Crops, Agricultural Land-Generic, Forest-Evergreen, Forest-Deciduous, 
Forest-Mixed, Range-Grasses and Range-Brush. 
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topographical sheets of the region at 0.25 m from the Survey of Pakistan 
(http://www.surveyofpakistan.gov.pk/).  
Map algebra techniques were used to construct new scenarios. The input layers of 
population, slopes, elevations and road distance were used to generate the new 
land-use type layer; the attribute value assigned to each raster in the output layer 
is the function of the independent value associated with location of input layers. 
Three possible scenarios for the future have been selected with possible land-
use patterns. Each scenario comprises some defined conditions based on socio-
economic analysis and physical factors that will determine the future patterns of 
the land-use. The scenarios are: business-as-usual, pro-industrialization, and pro-
agriculture. These are given below. 
• Business-as-usual 
The business-as-usual scenario was based on conditions that land-use change is 
kept constant and there is no large change in agriculture or forest. It can be termed 
as a reference scenario. In this scenario population growth has increased but 
there is no increase in urban area or agriculture. 
• Pro-industrialization 
The pro-industrialization scenario is based on the conditions that some 
agricultural land is expected to become part of urbanization and settlements. 
Industrialization usually provides more job opportunities in various sectors such 
as transportation, services, etc. in the cities so that more people relocate to the 
urban area, which in turn causes an increase in urbanization and demand for 
settlements (Santoso, 2003).  For the current study, considering the population 
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density and other socio-economic indicators of the area, it was assumed that 
agricultural land with a population of more than 15000 and relatively low slope (2 
to 4%) and closer to roads will convert into urban area. 
• Pro-agriculture 
In this scenario, the agricultural sector is encouraged. It is assumed that most of 
the land that is suitable for agriculture and currently not used will be transitioned 
to agricultural practices. For example, the forest or rangeland close to the roads 
and suitable for agriculture in terms of slope and elevation that has more than 
5,000 people per km2, is expected to change into agriculture land. The rates of 
change for the land-use must be known for generating a time series of change in 
land-use pattern, at least the rate of change of the land-use at the highest state in 
the hierarchy, which is the urban area. By knowing the rate of change of the 
urban area, the growth of the urban area for a specific year can be calculated. 
Subsequently, a time-series for change in land-use can be produced.  
However, the rate of urbanization in the study area has not been well studied or 
documented. The rate of urbanization in Pakistan is about 3% per annum 
(Wareing and Shei, 2010). There has been a significant increase in agricultural 
area in the selected study area during the last decade or so, with the cropped land 
increasing by 13% from 1997 to 2007 in the Kashmir (AJK, 2007).  
For this study, the rate of land-use change relies only on the growth rate of the 
socio-economic parameters (population growth rate) and physical parameters 
such as slope, elevation and road distances. Population growth was considered 
the main driver for land-use change because it controls directly the demand from 
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society. The characteristics used for the generation of the scenarios are given in 
Table 6.1 as shown below.  
The map algebra process was employed for the transition of land-use type 
fulfilling all four conditions, i.e., agricultural land will be converted to urban land 
if population in that specific cell is more than 20,000, elevation is more than 750 
m, slope is more than 4% and distance from the main road is 1,500 m. 
 
  
  
  
  
Influencing factors 
Change of land-use type 
Agriculture 
to urban 
Forest to 
agriculture 
Rangeland 
to 
agriculture 
Business-as- usual 
Population (people/km2)   > 20,000 > 10,000 > 10,000   
Elevation (m) < 750 < 1,800 < 1,800   
slope (%)   < 4 < 7 < 7   
distance from main road 
(m) <1,500 < 3,500 < 3,500   
Pro-industrialization 
Population (people/km2)   > 15,000 > 12,000 > 12,000   
Elevation (m) < 800 < 1,800 < 1,800   
slope (%)   < 5 < 7 < 7   
distance from main road 
(m) <1,500 < 3,500 < 3,500   
Pro-agriculture 
Population (people/km2)   > 15,000 > 5,000 > 5,000   
Elevation (m) < 750 < 2,000 < 2,000   
slope (%)   < 4.5 < 10 < 10   
distance from main road 
(m) <1,500 < 4,000 < 4,000   
6.9 Conclusions 
The land-use change scenarios have been constructed as part of the development 
of an integrated model. Three sets of policy-relevant scenarios have been 
developed: business-as-usual, pro-industrialization, and pro-agriculture. Each 
scenario generates a time-series of land-use change patterns for the year 2030.  
Table 6.1: Summary of factors influencing land-use transition for the 2030 
scenario 
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These land-use change patterns have been created, based on the principle of map 
algebra technique. The socio-economic and physical factors have been 
considered for the generation of scenarios. The land-use change patterns can 
also be transformed into a time series by knowing the rate of change of the 
most important land-use types that drive the whole change in pattern. The land-
use future scenarios for year 2030 are shown in Figures 6.6 to 6.9. The results show 
that there is a 38% increase in the urban area in the pro-agriculture scenario and an 
almost 200% increase in urban area for the pro-industrial scenario with respect to 
the business-as-usual scenario. Similarly, agricultural area is increased by 1.50% for 
the pro-agriculture scenario. The increase in agricultural area is also justified from 
the historical statistics of the study area.  
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 CHAPTER SEVEN 
RESULTS OF THE INTEGRATED MODELING SYSTEM 
 
The previous chapters discussed the development of a reservoir life assessment 
model by integrating the land-use, climate and sediment components in one 
framework. The model has the specific purpose of conducting sensitivity analysis 
on reservoir sedimentation with respect to changes in land-use and climate, and 
combinations thereof. The model has been applied to the Mangla Reservoir basin 
and this chapter discusses the application results with detailed assessment of the 
effects of land-use and climate changes on the reservoir sedimentation and 
reservoir life. The assessment is conducted for various land-use change and 
climate change scenarios, as well as for their various combinations. Land-use 
management as an adaptation option is assessed based on its effects on reservoir 
life. Finally, this chapter makes an evaluation of the integrated model based on the 
assessment results. 
7.1 Controlling parameters and simulation conditions  
The model simulation was carried out under the following conditions: 
a) All the parameters/assumptions used on hydrological/sedimentation 
characteristics of the basin were obtained or calibrated based on historical 
data and remained the same for future climate change scenarios. 
b) Sediment load simulated by the model for the period of 1990 to 2005 is 
used as the baseline condition.   
c) Economic analysis was based on the data of the statistical year book of 
Azad Jammu and Kashmir (2007), and farm inputs were derived from the 
Mangla Dam Raising Project, Project Planning Report (2003). 
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The integrated model allows simulation experiments of climate change under 
various conditions. Ideally, impact results from multi GCMs on the basin 
sedimentation and reservoir life are needed in order to reveal not only the 
potential changes but also the range of changes resulting from climate change. For 
the present study three GCMs (i.e., CSM, CanESM2 and NorESM) were used for 
daily outputs from 1990 to 2098 driven by the IPCC SRES A2 emission scenario. 
A bias correction technique was applied to the GCM outputs to produce the 
localized daily rainfall and daily temperature data from 2011 to 2098. The data 
was then used to drive the hydrological model and simulate reservoir 
sedimentation and reservoir life for future climate change impact assessment.  
7.2 Climate change impact on sedimentation and reservoir life 
There are only three transient climate scenario data from GCM results. Although 
very limited, the combination of these data may still provide an opportunity to 
determine the range of uncertainty of the climate change projections. The climate 
change impact on the annual sedimentation was assessed for 2030, 2050, 2070 
and 2098 relative to the baseline conditions (1990–2004) (Figure 7.1). The annual 
average sediment between 2010–2030 for NorESM and CanESM2 increased by 
13 and 14%, respectively, from the baseline, whereas it remained unchanged for 
the CSM scenario. All the scenarios showed an annual sediment load increase for 
periods after 2030 from the baseline, with a maximum increase of 22% for 
CanESM2 for the period 2071–2098. The mean annual sediment increase for the 
whole period of 2012 to 2098 for NorESM, CanESM2 and CSM are 15, 8 and 
14%, respectively, from the baseline. For the same period, the variation in the 
sediment amount for different GCMs is quite large. As the rainfall amount and 
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rainfall frequency are the driving forces in generating sediment, the large variation 
between GCMs might be due to the natural rainfall variability in the GCM 
simulation, but most likely it implies high uncertainties represented by the 
differences of GCM used.  
 For the same GCM, the variation in sediment for different time spans (Figure 7.1) 
can be explained by variations in extreme rainfall events in the future. There is 
large variation in rainfall magnitude for extreme events in GCM data for various 
gauging stations. The magnitudes of rainfall for a 20 year return period (NorESM 
scenario) with mean annual rainfall for various time spans is shown in Figure 7.2. 
The results indicate that the magnitude of rainfall for extreme events is very 
different for all the gauging stations in the future and may produce a large 
variation in sediment load. There is a large variation in extreme rainfall in Domel, 
Naran and Palandari gauging stations, whereas change in mean annual rainfall is 
not markedly high. As discussed in Chapter 4, extreme rainfall events can produce 
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transported in the river reaches. The spatial sediment variation driven by the 
NorESM scenario for the whole basin is shown in Figure 7.4. The spatial variation 
in the sediment shows that most of the sediment amount is generated in sub-basin 
4. This is due to a prominent increase in the flow of the river Jhelum after the 
Domel gauging station. 
  
Figure 7.3 NorESM mean annual rainfall projection for each sub-basin (mm) 
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CanESM2 and CSM  are about 27%,  45% and 26%, respectively. Clearly, the 
monthly results suggest that the increase in sediment mostly occurs in the 
monsoon season.  
 
7.2.1 Seasonal variation in the sediment 
The seasonal sediment load variability can be derived from the sediment load in 
different seasons. The maximum sediment in the Mangla Reservoir sediment 
occurs in the spring and Monsoon seasons from March to September. The total 
sediment load in these months is about 71% for the baseline period (1990–2005). 
The future projection shows variability in the sediment load in the seasons. The 
NorESM scenario produces about 74% sediment load of the mean annual 
sediment load from spring to the Monsoon season between (2011–2098), whereas 
the CanESM2 scenario projects less sediment load from March to September  
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Figure 7.5: Long term monthly sediment load at Mangla Dam outlet for various 
climate change scenarios 
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(68%) and the CSM scenario virtually shows no change in seasonal sediment load 
variability for the period (2011–2098) compared to baseline (Figure 7.6). In many 
cases, the changes in seasonal variability may also be followed by a change 
in the overall annual sediment load that may obscure the changes in variability. 
The seasonal variation in the sediment load reflects the variation of rainfall pattern 
and frequency in this region.  
 
7.2.2 Climate change impact on reservoir life 
The loss of storage capacity has always been recognized as an issue which affects 
both the long-term operation of the Mangla Reservoir and future storage 
developments on the Jhelum River and its tributaries. The reservoir life is 
computed in time-series with respect to the selected policy scenarios. The climate 
data from three GCM runs (i.e., CSM, CanESM2 and NorESM) under the SRES 
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Figure 7.6: Seasonal sediment load pattern for various climate scenarios relative 
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A2 scenario were used. A transient simulation was carried out starting from 2011 
to 2098 using the Brune curve (1953). This curve relates the inflowing sediment 
load proportion retained in the reservoir to the volume of the reservoir. The 
Mangla Dam is planned to be raised by 9.14 m with a 0.60 m high wave 
protection wall on the crest. This would raise the maximum reservoir conservation 
level by 12.19 m. The proposed capacity of the dam after the raising project will 
be 6461 Mm3 (MJV, 2003). Currently the project is in construction phase. 
Sediment density is calculated for the reservoir using standard unit weight and the 
USBR equation. Trap efficiency of the reservoir is considered to be 90%. 
The results show that reservoir life is depleted very rapidly with the NorESM and 
CanESM2 climate scenarios and relatively slow depletion for CSM. The 
remaining capacity of the reservoir for the year 2098 is projected as 2080 Mm3, 
2114 Mm3 and 2553 Mm3 for NorESM, CanESM2 and CSM scenarios, 
respectively (Figure 7.7). The reservoir life capacity will be about 2897 Mm3 in 
the year 2098 by considering the baseline sediment load deposition in the Mangla 
Dam outlet from 2011–2098.  
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7.3 Combined climate and land use change impact on reservoir 
The previous sections discussed the influence of climate change on river 
sedimentation and reservoir life for the Mangla basin. Reservoir sedimentation 
and reservoir life was further analysed for the combined influence of climate and 
land-use changes, using the three policy-related land-use change scenarios 
discussed in chapter 6. There are a number of combinations of the land-use and 
climate change scenarios and this section only focuses on selected combinations 
of land-use and climate change scenarios. In general, the pro-agriculture scenario 
produces the highest annual sediment load among all change scenarios. The effect 
of this scenario is greater with time, when more land is shifted towards agriculture. 
The pro-industrialization scenario shows an increase in the annual sediment load, 
whereas the business-as-usual shows almost no change in the annual sediment load. 
The mean annual increase in sediment load for 2031-2098 is about 43% from 
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baseline with the pro-agriculture land-use scenario under NorESM, but increases 
15% if there is no land-use change for the same period. The pro-industrialization 
land-use change produces similar results for the same GCM, with the annual 
increase in sediment being about 39% from baseline with land-use change from 
2031-2098. It is clear that land-use change will have a marked impact on the 
sedimentation of the study area later in the century, as sediment load is reduces 
from 2051-2070 from the baseline without climate change, while it will continue to 
increase under the pro-agriculture and pro-industrialization scenarios as shown in 
Figure 7.8.  This might be due to intensification of cultivation area in pro-
agriculture and pro-industrialization land-use scenarios.  
 
The land-use change can exacerbate the climate change impact as shown in Figure 
7.8. The pro-agriculture scenario produces much higher sediment load annually 
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but the variation in the two seasons (March to September and October to 
February.) is not significant. This shows that sediment load discharge is primarily 
driven by rainfall, although the land-use can aggravate the sediment load in the 
basin and in the river reaches with the pattern in sediment discharge remaining 
almost same (Figure 7.9). The amount of sediment produced is much higher in the 
early spring (March and April) and monsoon seasons (July to September) 
compared to the NorESM scenario without land-use changes. The monthly 
variation in the sediment is shown in Figure 7.10.  
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7.3.1 Reservoir life under combined effect of climate and land-use changes 
The reservoir life can also be computed by the integrated model for various 
combinations of climate and land-use change. For the current study, reservoir life 
was computed with three possible scenarios using the NorESM scenario with 
business-as-usual, the NorESM scenario with the pro-agriculture scenario and 
NorESM with the pro-industrialization scenario (the details of these scenarios can 
be found in Chapter 6).  For all these scenarios, land cover was kept the same as 
the baseline period up to 2030. New projected land-use covers were used in the 
model from 2031–2098. ra (Figure 7.11). 
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7.3.2 Spatial variation of the sediment 
The integrated framework allows a spatial analysis for examining the variation 
due to climate or land-use change. This spatial analysis can be performed on sub-
basin or hydrological response units (HRU’s). The area of Mangla catchment is 
very large so analysis for the current study was carried out on HRU basis. Figure 
7.12 shows changes in average annual sediment load for base line period while 
Figure 7.13 shows mean annual sediment load from 2083–2098 for pro-
agriculture with the NorESM scenario. The results show that there is large 
variation in sediment load at HRU scale. The sediment load varies from 1 to 542 
tonnes in the Mangla basin although mean sediment load is 52 tonnes per hectare 
for base line period while mean annual sediment load for future scenario is about 
77 tonnes per hectare. The prominent increase of sediment load in the HRU’s 
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7.4 Trends of extreme rainfall events in the Mangla basin 
Climate extremes are multifaceted meteorological phenomena that can be 
characterized in terms of intensity, duration or frequency. The frequency analysis 
based on return period is very common and is an effective index to represent 
possible extreme value changes in the future (Kharin et al., 2010). In this study, 
the return period is quantiles of distribution of annual extremes and was estimated 
from a generalized extreme value (GEV) distribution. The GEV analysis was 
carried out using the SimCLIM software (Warrick, 2009). 
The intensity and frequency of extreme rainfall events are projected to increase in 
the future with global warming, even for regions with projected decrease in 
annual mean rainfall (Kharin and Zwiers, 2000; Kaufmann and Seto, 2001; 
Wehner, 2004; Kharin and Zwiers, 2005).  Pakistan received unusually high 
monsoon rainfalls in 2010 in most parts of the country that was changed into one 
of the most devastating floods in history. The monsoon rainfall was again more 
than the 2011 average. The variations in the monsoon rainfall in this region 
represent one of the largest variations of the global climate system (Turner and 
Slingo, 2009). Given that sediment load can just be generated by large floods 
caused by extreme rainfall events, it is essential for climate change impacts on 
sediment studies to include projections of extreme event changes under climate 
change impacts studies.  
For the present study, the annual extreme daily rainfall data for two gauging 
stations, Domel and Garhi Duppata, were analysed. Both stations are situated in 
the Upper Jhelum part of the basin (sub-basin 1). The daily time series rainfall 
data of three GCM’s: NorESM, CanESM2 and CSM from 1980 to 2098 were 
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used. The impact on extreme rainfall was analyzed for the three GCMs for the 
baseline period (1980-2004) and the two future periods (2011–2050 and 2051–
2098) is shown in Figures 7.14 and 7.15. The results demonstrate that little 
extreme rainfall change is projected for the near future (2011–2050) for both 
stations, particularly for relatively short return period events (less than 20 years).  
Long return period events (larger than 20 years) are projected by the three GCMs 
to become less intensified for Domel and one GCM (CanESM2) for Garhi 
Duppata. However, the other two GCMs (NorESM and CSM) project stronger 
than baseline extreme rainfall event intensities for Garhi Duppata.  The variations 
of the extreme event change projection for the near term reflect the uncertainties 
between GCMs on the one hand, while on the other hand, the climate change 
signal may be still too weak to be identified in the near term and the analysed 
result may be influenced by the natural climate variability included in the GCM 
simulated data.  
 
Figure 7.14: Extreme rainfall (mm) for Domel  for baseline and NorESM 
scenarios 
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In contrast, towards the end of this century (2051–2098), the results indicate 
increase of intensity for all extreme events for both stations with the only 
exception of CSM’s 100 year return event for Garhi Duppata. Although the 
projection of extreme rainfall intensity changes for the near future is still 
uncertain, the NorESM scenario projected 10% to 14% intensity increases for 
extreme rainfall events of 2 to 100 year return for Domel. The results of NorESM 
for Garhi Duppata also indicate increases in rainfall intensity for all return periods 
with a maximum  27% intensity increase for the  100 year return rainfall.  Similar 
results  can also be found from those of CanESM2 and CSM scenarios for the two 
stations, except for a slight intensity decrease projected by CSM for Garhi 
Duppata.  The consistency of GCM projections for both stations for 2051–2098 
indicates a strong likelihood that the extreme event intensity will increase along 
with global warming trends. 
 
Figure 7.15: Extreme rainfall (mm) of Garhi Duppata for baseline and 
NorESM scenarios 
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The results also justify the SWAT model results for various GCM’s (discussed 
earlier in sections 7.3 and 7.4) as there is a prominent increase in sediment from 
2070 onwards for all the scenarios. This might be due to more frequent extreme 
events projected late in the century by various GCM’s. As discussed in Chapter 4, 
an individual extreme event can cause as much as 20% of whole year sediment in 
less than a week. More frequent extreme events in the future will produce more 
sediment even though the mean annual rainfall may be projected to decrease. 
7.5 Adaptation scenario 
The flux of sediment transported by the water in the Mangla Reservoir has 
increased in magnitude since its operation started.  It became evident from this 
study that the rate of sediment deposition will continue to increase in the future 
due to climate and land-use changes. Therefore it is imperative to take adaptation 
measures into account to reduce the vulnerability of sedimentation in order to 
maintain the designed reservoir’s life span.  
Several adaptation options can reduce the vulnerability of the sedimentation and 
enhance the reservoir life such as raising dam height, dredging, flushing and basin 
land-use management. A project for raising dam height has already been in 
construction phase to increase the reservoir conservation level by another 12.12 
m. The reservoir’s storage capacity with the additional dam height is projected to 
be depleted in 80 to 90 years (WAPDA, 2007). World-wide experience of 
sediment flushing and dredging from reservoirs is very limited, particularly for 
large reservoirs. Therefore for the present study, land-use management was 
considered as the only adaptation measure to abate the impact of climate. Various 
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land-use scenarios were generated for the Mangla basin as management 
adaptation options.  
7.5.1 Adaptations scenario 1 
Scenario 1 considered the business-as-usual scenario for the next 20 years (2011–
2030). After that Government will need to implement basin management practices 
to reduce reservoir vulnerability. In this adaptation option, all the agricultural land 
that is situated above 2000 m and rangeland above 3000 m would be converted to 
forest (Figure 7.16). The model results reveal that annual sediment accumulation 
is about 7.37% and 4.48% less than the pro-agriculture and pro-industrial 
scenarios, respectively, after 2030.  
 
 
Figure 7.16: Land cover change for scenario 1 
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7.5.2 Adaptation scenario 2 
Under scenario 2, land-use practices are again kept as business-as-usual up to 
2030. Thereafter, Agricultural Land-Generic crops1 (AGRL) land-use type, which 
is 17% of the basin, will be converted to mixed forest land class (Figure 7.17). 
This scenario shows a prominent decrease in the sediment discharge and sediment 
deposition at the Mangla Dam outlet. The mean annual sediment discharge 
entering into Mangla Dam is about 43.57% and 41.82% less compared to pro-
agriculture and pro-industrial scenarios, respectively. 
 
 
                                                 
1The Mangla basin consists of three types of agricultural land: Agricultural Land-Close-grown 
(AGRC), Agricultural Land-Row Crops (AGRR), Agricultural Land-Generic (AGRL) and forest 
with a mixture of Forest-Evergreen (FRSE), Forest-Deciduous (FRSD) and Forest-Mixed (FRST). 
For the adaptation simulations, both the agricultural land types and forest land types are combined.  
Figure 7.17: Land cover change for scenario 2 
Chapter 7 
167 
 
7.5.3 Adaptation scenario 3 
Dairy farming may be a good adaptation option to replace agriculture. This option 
was assessed by converting AGRL land-use type to pasture land (PAST) from 
2031 onward, as shown in Figure 7.18. Pasture land produces less sediment 
compared to agriculture or industrial areas. The mean annual sediment discharge 
under this adaptation is about 121 million tonnes from year 2031–2098, which is 
about 16.45% and 13.85% less than pro-agriculture and pro-industrialization 
scenarios, respectively. The reservoir life for these various adaptation options is 
shown in Figure 7.19. 
 Figure 7.18: Land-use change for scenario 3 
Chapter 7 
168 
 
7.6 Economic analysis 
Economic analyses are important in climate change impact assessments. They 
provide critical information for stakeholders to take the impact of climate change 
and land-use change into their decision making process. As discussed in Chapter 
1, the primary purpose of the Mangla Dam is to store water for irrigation and 
power generation. Thus, the economic analysis was carried out by translating 
irrigation and power benefits from the dam into monetary terms (Pakistan Rupee 
or PKR) to support a simple cost-benefit analysis.  
7.6.1 Valuation of the irrigation water 
To estimate the benefits attributed to water supply, the value of irrigation releases 
has been estimated on the basis of provincial data for irrigated area and irrigation 
water use. MJV(2003) calculated the value of water for Kharif (summer) and Rabi 
(winter) seasons for the Indus basin in 2002. To estimate the benefits attributed to 
increases in irrigation water supply, the value of irrigation releases has been 
estimated on the basis of Provincial data for irrigated acreage and irrigation water 
use. Agronomic data estimated at the provincial level and comprising cropping 
Figure 7.19: Reservoir capacity change for various adaptation scenarios   
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pattern, intensities, crop yields, farm inputs and cultural practices for canal-
irrigated areas have been collected and analysed for recent years. 
Based on the agronomic data, crop budgets for each province have been 
developed (MJV, 2003). Net crop income from the crop budgets has been 
combined with the reported irrigated area in each province to provide a measure 
of income at economic prices from irrigated lands. The net income values divided 
by the reported quantities of irrigation water, both surface water and groundwater, 
give the estimated value of water.  The value of water was revised and taken as 
PKR1.07/m2 and PKR0.48/m2 at root zone1 2 and source2 respectively, for the 
current study. The results are shown in Table 7.1 
                                                 
1The price of irrigation water at farmer’s field 
2The price of irrigation water at Mangla Reservoir 
 
3 The farm gate pumpage is the net pumpage required for crops at the agriculture farm 
 
Table 7.1: Value of water for the Indus basin (MJV 2003) 
Description Years Kharif Rabi Annual 
Canal withdrawals    (×106 m3) 1996–1997 87232 45947 133179 
1997–1998 80966 42617 123583 
1998–1999 87392 45330 132723 
1999–2000 89255 37757 127012 
2000–2001 74983 27272 102256 
2001–2002 69161 25188 94349 
Average during 1996–97 to 2001–02   81499 37352 118850 
Average availability of water assuming 
average efficiency    (×106 m3) 
  
  
  
36348 
  
16659 
  
53003 
Pumpage   (×106 m3) 
(i)Kharif Rabi distribution  1 0 1 
(ii)Pumpage at farm gate3     33501 28543 62044 
(iii)Field application efficiency @ 80%  26804 22832 49635 
Total water availability  (×106 m3)  
(i)At root zone                 63152 39491 102638 
(ii)At source    141595 88546 230476 
Total  net present value  (Million PKR)       4.07 14.12 27.48 
Value of water (PKR/m2) 
(i)At root zone   0.07 0.13 0.33 
(ii)At source   0.11 0.19 0.14 
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7.6.2 Irrigation benefits 
Water from the Mangla Reservoir is mainly released for the Rabi (summer) 
season crops but also sometimes in late or early Kharif (winter) in years when 
water shortages are acute. It is expected that this pattern of release will continue 
with the raised dam height in the future. Thus, irrigation benefits will accrue 
mostly from Rabi crops but the risk of water shortage in Kharif is also reduced. A 
high certainty that water will be available in Kharif as well as Rabi encourages 
farmers to expand their cultivated area and avoid applying more expensive water 
inputs from other sources thereby resulting in high yields. Therefore, the major 
reason for raising the Mangla Dam is to improve the certainty of irrigation supply 
with restored storage in the Indus system. 
However, improvement of the certainty in water supply can also be achieved from 
adaptation options. The accumulated irrigation benefit from reducing the 
sedimentation in the reservoir is PKR31,252 million, PKR137,562 million and 
PKR61,686 million, respectively, for the three adaptation scenarios by the end of 
this century (in today’s value as shown in Figure 7.20), although the conversion of 
agricultural land to forest will have an impact on the economy of the country. 
The loss of net crop income due to adaptation options was estimated and 
compared with the net profit in terms of irrigation water saving. The total cropped 
area of Kashmir is about 2476.23 million m2. Maize, rice, wheat, vegetables and 
fruit are the major crops of the area. The cropping yield was estimated using data 
from the Department of Agriculture and Livestock Muzzafarabad. The yield of the 
important crops for 2007-2008 is shown in Table 7.2 (AJK, 2007). 
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Farm inputs (seed, fertilizer, pesticides, use of bullock, electricity and labour) data 
was used for Khyber Pakhtoonkhawa province for 2003–2004 that has very 
similar topographic conditions. The net value of production was calculated by 
subtracting the expenses from crop incomes for the Kashmir valley. The details 
are shown in Table 7.3. The net value of crop production per hectare (10,000 m2) 
is PKR 0.52 million. For the adaptation options 1 and 3, about 4,500 and 6,010 
km2 is proposed to convert from agriculture to forest. Considering the same crop 
value for the whole basin, the net loss from agriculture will be about PKR 23.4 
million and PKR 31.25 million per year for the 2 options, respectively. The results 
of the economic analysis shows that adaptation option 2 is more appropriate 
compared to adaptation option 1 as crop value lost due to option 2 is much less 
compared to benefits achieved from irrigation water and power generation, while 
adaptation option 3 could be a good option but more investigation and analysis is 
required to further explore the impact of pasture farming in the basin.  
  
Table 7.2: Agriculture yield for the Kashmir valley for major crops (kg/hectare) 
Crops Maize Rice Wheat Potato Gram 
pulses 
Oil 
seed 
Vegetables Fruits 
Yield  1239 2556 1063 8117 988 865 4765 6041 
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Table 7.3: Net value of production for major crops in Azad Jamu and Kashmir, 
Pakistan 
Crops 
 
Maize Rice Wheat Potato Gram 
pulses 
Oil 
seed 
Vegetables Fruits 
GROSS VALUE OF PRODUCTION (PKR) 
Gross 
Reven
ues 
22298 29434 25253 119768 29986 25950 90526 302038 
CROP PRODUCTION EXPENSES (PKR) 
Ploughings 2178 1103 933 1103 679 679 1103  
Seed 679 404 1321 28951 508 205 26000  
Fertilizer 
N 1386 1277 1459 1240 474 1277 1240  
Fertilizer P 588 706 784 745 275 941 745  
Fertilizer 
K 0 0 0 231 0 0 231  
Sprays 293 195 117 195 0 0 195  
Hired 
Labou
r 
638 1425 788 1920 270 780 1920  
Family 
Labou
r 
3113 4275 1463 2880 1080 2220 2880  
Total    
cost 8874 9385 6865 37266 3286 6102 34315  
Value of 
sticks 1804 627 650 0 0 0 0  
NET VALUE OF PRODUCTION (PKR) 
 15228 20676 19038 82502 26700 19848 56211 277038 
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7.6.3 Power and energy benefits 
Historically the Mangla Reservoir has been operated with priority for irrigation 
and the generation of electricity has been incidental. It is operated on 10-day 
indents along with irrigation water releases, and does not provide firm capacity 
but incremental energy. The additional energy provides a cost-saving by 
substituting energy that otherwise would be generated by fossil fuel plants. The 
Mangla power station has been operating as peaking plant for most of the time 
and as base load plant (minimum amount of power that must be available) only 
during flood seasons and periods of high irrigation demand. During peaking 
operation, water from the Mangla Reservoir is in excess of demand and is stored 
in the Rasul Barrage from where it is re-regulated to suit the requirements of 
downstream irrigation networks. For the current study, the monetary value of 
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Figure 7.20: Net value of production for major crops in Azad Jamu and 
Kashmir, Pakistan 
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power and energy benefit was not calculated because input data, such as reservoir 
level and 10 daily discharges, are not available.  
7.6.4 Flood alleviation  
The Mangla Dam already provides flood alleviation benefits to the downstream 
area. A major part of the small to medium floods is absorbed and peaks of large 
floods are also significantly reduced by the reservoir. This minimizes loss of 
human and animal lives from flooding downstream. In addition, damage to crops 
and infrastructure is also reduced 
7.7 Implication of results for the study area 
The results from the model indicate that the projected sediment may increase or 
decrease depending on the selected land-use and climate change scenarios. These 
findings have significant implications for the study area. These may help 
policymakers and land-use planners to anticipate and take proactive action on the 
impact of future climate change conditions.   
The three policy-related land-use change scenarios resulted in various effects on 
reservoir life. In general, the pro-agriculture scenario produces higher annual 
sediment than the other land-use scenarios. The effect of this scenario is greater 
with time, i.e., when more land is converted. Pro-industrialization scenarios show 
little less sediment than pro agriculture scenarios, whereas sediment deposition for 
the business-as-usual is very small. These may also help policymakers and land-
use planners to anticipate the impacts of future climate conditions. It should be 
noted, however, that these are scenarios and not future predictions. Some 
implications from the results are discussed below. 
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7.7.1 An increase in annual sediment load 
A possible increase in monthly sediment has been noted in particular under a 
combination of the CSM climate change pattern and the pro-agriculture land-use 
scenario. The high sediment may increase the risk of reservoir life. Minimizing 
the risk may require, for example, development of basin management techniques. 
The risk of floods may also be minimized by implementing a specific land-use 
policy, such as reforestation, in order to reduce sedimentation. 
7.7.2 Spatial variation in annual sediment load 
Spatial changes in sediment are influenced by both the climate and land-use. In 
general, climate change causes a gradual change in local variation, whereas the 
land-use change causes a more distinct change. This suggests that there are 
opportunities for controlling the sediment load locally in order to manage the 
entire river sediment, as part of an integrated basin management. 
7.7.3 Evaluation of the integrated model for preliminary assessment 
The integrated frame is useful for conducting impact assessments by comparing 
impacts with and without change of conditions (Major and Frederick, 1997). The 
purpose of the integrated model is to bring together the complex relationship 
between land-use, climate and hydrological components into one system for 
comparing the impact (i.e. sensitivity analysis) under various conditions (i.e. 'what 
if' questions). The integrated model is, therefore, evaluated based on the ease of 
conducting this kind of sensitivity analysis and whether it helps the policymakers 
and planners in examining the impacts under various pre-determined scenarios of 
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land-use changes and climate changes. In addition, this evaluation serves as a base 
for future improvement or development of this model. 
7.8 Conclusions 
This chapter demonstrates the application of the integrated model for conducting 
sensitivity analysis of the effects of land-use and climate change on the river 
sedimentation and reservoir life. The model is suitable as a decision support tool 
for examining the possible changes in land-use patterns and how these changes 
could affect the river flows. 
This integrated model results from a range of land-use change scenarios and 
climate change scenarios, allowing a comprehensive analysis for exploring “what 
if” questions. Compared to the baseline period (1990–2005), the model can 
identify scenarios that may produce significant changes in the river sedimentation 
and thus will have significant impacts on the study area. The results will be useful 
for policymakers and other stakeholders to make scientifically informative 
decisions and take pro-active actions. 
It was found from the model results that changes in seasonal river sedimentation 
can result from land-use or climate change or both. Climate change has large 
impacts on the sediment pattern at a regional scale, while the land-use change has 
a distinct influence at a local scale. This opens up opportunities to manage the 
variation in the river sediment as an adaptation option to mitigate the climate 
change impact. Finally, an economic analysis was carried out to assess the 
financial benefits that can be achieved through basin management.  
  
 CHAPTER EIGHT 
SUMMARY AND CONCLUSIONS 
8.1 Overview of the key issues 
During the 20th century the increase in freshwater use by humans outstripped the 
global population growth. As per future projections, the global population will 
increase by another 40 to 50% within the next fifty years 
(www.worldwatercouncil.org). The escalating population growth coupled with 
industrialization, urbanization, climate change and associated enhanced climate 
variability will not only result in global water scarcity but also have serious 
consequences on the environment.  Pakistan – a country of over 170 million 
people, has also been experiencing high water stress due to increasing population 
and urbanization. Historically, dams and reservoirs have been used to provide 
freshwater storage for human use. In Pakistan, the current capacity of dams and 
reservoirs are not sufficient to preserve the surface water produced by glacier melt 
and rainfall. Furthermore, the capacity of the existing dams is decreasing at an 
alarming rate due to sedimentation. An example of such a reservoir is the Mangla 
Dam, the second largest dam in the country. Due to sedimentation it has lost 
almost 20% of its water storage capacity since its impoundment in 1967.  
8.2 Summary of the research objectives and methodologies 
The aim of this dissertation was to study the changes in climate and land-use on 
reservoir sedimentation and identify adaptation options to increase the resilience 
of the reservoir life based on an integrated water resources management model.  
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In order to understand the water budget and sediment produced and its 
transportation to the outlet, the basin area was studied from a broad perspective 
and as part of the river basins contributing to the Mangla Dam.  
This study developed an integrated model system incorporating a distributed 
hydrological model based on SWAT and a climate change impact assessment 
model for understanding the hydro-sediment dynamics under different climate and 
land-use scenarios. The hydrologic model was calibrated and validated for flow 
and sediment for the study area. There was a close agreement between the 
observed and model simulated flows and sediment for both sub-basins and the 
overall trend of the flow and sediment transported at the outlet of the basin.  A 
rating curve was developed for all the gauging stations between flow and 
sediment in order to compute the monthly sediment outputs. Since there was no 
sediment observation at the outlet of the basin, sediment contribution from all the 
sub-basins was computed at this junction using the relationship between sediment 
and un-gauged area.   
Reservoir sedimentation is a dynamic process that is influenced by continues 
climate and land-use changes. The impact study, therefore, required transient 
climate and land-use change scenarios. The following future scenarios were 
produced to simulate the response of the reservoir sedimentation and reservoir life 
under the impact of climate and land-use changes up to the end of the 21st century. 
• A transient daily time series of climate scenario was created through bias 
correction of three IPCC AR5 GCM daily outputs. The GCM runs are 
driven by the IPCC SRES A2 emission scenario, which projects one of the 
fast climate changes in the future; 
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• The land-use change scenarios were built using a map algebra method. 
Three scenarios were constructed based on socio-economic and physical 
conditions of the study area: i) pro-agriculture scenario; ii) pro-
industrialization scenario, and iii) business-as-usual scenario.  Land-use 
change scenarios were also analysed as adaptation options to reduce the 
sediment based on various land management practices. 
8.3 Summary of the results 
The results of this study reveal that river flow and sediment pattern varied greatly 
in the study area. Statistical indicators such as scatter plots and the Nash Sutcliffe 
Efficiency coefficient (NSE) and the comparison of hydrographs  indicated that the 
model generally simulates flow and sediment very well for the monsoon season, 
and is satisfactory for low flow season (December to February). There was good 
agreement in the annual water balance and the NSE values were greater than 0.5 
for flow validation at all outlets. The NSE values were relatively low for sediment 
simulation. The lower value of NSE for sediment might be due to insufficient 
sediment data in constructing the flow-sediment rating curve.  Extreme event 
analysis for the single heaviest rainfall showed that a single extreme rainfall event 
can produce a significant amount of sediment that is about 20% of the yearly total.  
Climate change will impact on the Mangla Reservoir’s life span but with a 
considerable range of uncertainties between different GCMs. However, all GCM 
projections show a prominent increase in sediment load for 2011–2098. The 
difference in projected temporal rainfall change pattern also gave rise to variations 
in the simulated sediment. However, in general, there will be more sediment 
transported in the monsoon season and less sediment in the dry conditions 
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(winter). Spatial distribution of all the scenarios showed that most of the sediment 
is transported by the Jhelum River after the confluence of Kunhar and Neelum 
tributaries.   
A superimposed effect of land-use change in addition to climate change can have 
an exacerbating impact on sediment. The sediment transported under the pro-
agriculture scenario compared to baseline was shown to be the highest. 
It is clear that Reservoir life of the Mangla basin is highly vulnerable due to 
climate and land-use changes.  The reservoir life is reduced by 28, 27 and 12% 
under the NorESM, CanESM2 and CSM scenarios, respectively, even without 
considering land-use change.  With additional land-use changes, the reservoir life 
will be depleted even more quickly. Adaptation options can, however, reduce the 
vulnerability of reservoir life to projected climate and land-use changes. Several 
adaptation options with regard to basin management have been explored in this 
study. 
• Conversion of the agricultural land to forest that is situated above 2,000 m 
and rangeland above 3,000 m could reduce annual accumulation of 
sediment  
• Conversion of 34% of the agricultural area (AGRL class) to mixed forest 
after 2030 was projected to markedly decrease sediment discharge and 
deposition at the Mangla Dam outlet Pasture farming was considered as 
another adaptation option.  Like option 2, conversion of 34% of the 
agricultural land to pasture after 2030 may reduce sediment accumulation  
It was evident from the adaptation scenarios that among all land-use types, 
agricultural land was the greatest contributor to erosion and sediment in the 
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Mangla basin since loose soil is eroded in ploughing and harvesting time. Basin 
management is perhaps the best adaptation option for controlling this sediment.  
Since extreme events can produce a disproportionate amount of sediment, special 
adaptation options may be needed to counteract their impact, such as diverting 
runoff from agricultural land to the empty dug wells or ponds in the monsoon 
season before runoff becomes part of the rivers. The dug wells could be designed 
in areas with intense agriculture   to serve as sand and sediment deposits. 
Economic analyses carried out on the value of water for irrigation indicated that 
reservoir capacity increased with adaptation options for saving water for irrigation 
downstream of the basin.  The results showed that there were irrigation benefits 
from adaptation options 1, 2 and 3 until 2098 but that economic loss from 
adaptation options could be expected due to the reduction of agricultural area 
inside the basin. At the same time, additional benefits will be gained from power 
generation and flood alleviation. 
The findings suggest that climate change has a great influence on the variability of 
sediment load in the basin but that the pronounced change in sediment is more 
likely caused by land-use change. Therefore, the issue of land-use management as 
part of the integrated management program in order to achieve sustainable 
development is very relevant.  
8.4 Broader implication and contribution to knowledge 
The thesis has implications for increasing awareness of the importance of an 
integrated framework that can be applied to examine possible changes in sediment 
behaviour of the basin and consequently the sedimentation due to its 
transportation into the reservoir.  The results of change were calculated for both 
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climate and land-use change patterns. In particular, they showed the importance of 
climate and land-use components in assessing the possible future sediment 
variability of the basin. 
Specifically, the thesis contributes to knowledge in several ways: 
Firstly, it contributes to the integrated work that links the climate component and 
land-use into a hydrological and economic analysis for assessing the impacts in 
the basin. Secondly, the thesis has proposed policy-related land-use management 
options for the study area based on the socio-economic analysis. Thirdly, this kind 
of integrated work linking climate change, land-use, hydrology and economics is 
unique for the Mangla basin. So far, there have been no such integrated studies in 
Pakistan. 
8.4.1 Limitations of the model and suggested future work 
Despite certain limitations with respect to data availability and data quality, this 
thesis was able to show the importance of developing an integrated system for a 
more realistic perspective of the factors influencing reservoir life expectancy. 
Nevertheless, the limitations should not be ignored, and these are described on a 
component basis as follows:  
8.4.1.1 Hydrological component 
The data for the upstream catchment (Indian part) was not available for the study 
although time series flow data of almost two decades of the downstream 
catchment were available for calibration and validation of the model. The biggest 
constraint was sediment data that was not available on daily or monthly basis so 
rating curves were developed to obtain sediment loads at various stations in the 
Mangla catchment. The land-use and soil attributes used for the model were from 
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globally based data. Consequently, some assumptions had to be made for 
calculating soil parameters of the basin. Extreme event analysis was done using 
paucity of data for the extreme event analysis also made it difficult to carry out 
detailed studies of the impact of extreme events in the basin.  
In summary, there were some constraints for achieving a comprehensive 
investigation of the contribution of the hydrological component because of the 
lack of long-term data.  
8.4.1.2 Land-use component 
The land-use scenarios were created using a static model technique of “map 
algebra”. A different approach for generating land-use change scenarios would 
require replacing the static model with a dynamic model for better land-use 
change allocation procedures. Due to the lack of socio-economic data for the 
Mangla basin, land-use scenarios were generated using socio-economic data from 
the Pakistan part. The available data were point data, i.e., socio economic 
information was available on a regional basis, making it difficult to examine the 
socio-economic conditions of the basin spatially. Due to unavailable dynamic land 
cover change data, the land-use component was not able to be validated.  
The land-use model uses a limited number of physical factors, which include 
slope, elevation and distance to the main road. However, soil fertility and 
groundwater conditions may also have contributed locally to the land-use 
distribution patterns, but these data were not available. For socio-economic 
analysis only population growth was considered as the major driving factor for 
land-use changes. Detailed analysis is required to determine other relevant factors 
Chapter 8 
184 
for the land-use change, such as economic parameters and industrial growth in the 
study area.  
8.4.1.2 Climate Component 
Transient daily rainfall and temperature data for climate change scenarios were 
developed for the study area using GCM results. Because data were not available 
from a broader range of GCMs, only three GCM results driven by a high emission 
scenario were used. The resolution of the GCMs is rather coarse (about 2 arc 
latitude-longitude degrees) making it difficult to incorporate topographic features 
of the area.  
8.5 A possible way forward 
As mentioned in the previous section (8.5), data availability was the main 
limitation in the integrated work for examining current and future climate, and 
land-use. In particular, it prevented extensive and detailed calibration and 
validation of the model. Good long-term data and data on well-distributed climate, 
flow, sediment and land-use upstream of the Jhelum basin would be required for 
analysing and validating the results of the upper part of the basin. It remains a 
challenging study topic for further research. 
A wider range of climate scenarios would be useful for sensitivity and uncertainty 
analyses.  More importantly, downscaled GCM output is more suitable than GCM 
output itself as was done for this research. Downscaled GCM outputs incorporate 
environmental factors that influence the local climate condition, such as 
topography, and such factors are possibly ignored by GCM due to its coarse 
resolution.  Hence the use of downscaled GCM data instead of GCM will 
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potentially increase the accuracy of results. However, dynamic downscaled data 
(RCM) are not available for the study area, and carrying out statistical 
downscaling of GCM outputs requires good quality, long-term observed data 
which is also not available. Currently the dynamic downscaling work is underway 
to produce an improved generation of regional climate change projections for the 
AR5 series (Giorgi et al., 2009). There is no doubt that further research will 
improve the findings of this study when these data become available.  
An in-depth research of extreme events and their relationship with sediment 
generation also requires high quality daily (or sub-daily) rainfall data, as well as 
corresponding sediment observations, neither of which are so far available. Given 
the importance of the impacts of the extreme rainfall events on sediment 
generation, further research is required and the first step to support such research 
would be setting up of daily sediment observations for the key tributaries in the 
study area so that future sediment patterns due to extreme events can be analysed.
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